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Voorwoord
Bijna af. . . dit proefschrift is bijna af. Vreemd dat je die woorden zo vooraan te-
genkomt, of toch niet? Nee, eigenlijk niet. Na zes jaar promotieonderzoek weet
ik nu wel hoe een proefschrift gelezen wordt. Je leest het voorwoord, bladert
eens door het binnenwerk heen uitkijkend naar hippe plaatjes en leest de samen-
vatting. Daarna gaat het boekje de kast in. Een enkele collega-promovendus
zal er nog eens doorheen bladeren als hij of zij iets zoekt wat wel eens in dit
proefschrift zou kunnen staan, maar daar blijft het dan ook bij. Ik heb dan
ook niet de illusie dat het mijn boekje anders zou kunnen vergaan. Daarmee
wordt dit dus een van de belangrijke delen van het proefschrift - iedereen leest
dit namelijk wel. Daarom, onder het motto ‘last, but not least’ voeg ik, nu alles
verder klaar is, nog een paar pagina’s toe aan dit boekje. Toch kan ik het niet
laten een kleine poging te doen u uit te dagen om meer te lezen. Zelfs degenen
onder u die niet geschoold zijn in de natuurkunde. Wees niet bezorgd, ik ga
niet beweren dat u gemakkelijk zou kunnen volgen wat er in dit boekje staat
- blader naar hoofdstuk 2 en uw vrees wordt bevestigd - maar er is meer. Na
hoofdstuk 7 vindt u namelijk een vereenvoudigde beschrijving van de inhoud
van dit proefschrift. Als u dat leest, dan bladert u samen met mij terug naar
wat plaatjes uit de voorgaande hoofdstukken en vertel ik u wat die betekenen.
Er zijn een aantal mensen die dit proefschrift al met heel veel zorg gelezen
hebben. Peter, zonder jouw opmerkingen was dit proefschrift nooit geworden
tot wat het nu is. De structuur in de hoofdstukken, die nu zo vanzelfsprekend
is, is het resultaat van een aantal scherpe opmerkingen van jou daarover. De
rode lijn door het hele werk heen is het eindresultaat van, soms eindeloze,
discussies met jou en Janneke over de data, de modellen, hoe we die aan elkaar
konden knopen en hoe dat opgeschreven moest worden. Hoewel dat me soms
tot wanhoop gedreven heeft, ben ik blij met het eindresultaat. Het uitblijven
van commentaar van de manuscriptcommissie is een duidelijk teken dat het ook
een goed eindresultaat is. Die manuscriptcommissie werd gevormd door Silvia
Speller, Danie¨l Vanmaekelbergh en Rene´ Janssen. Ik wil jullie hier nogmaals
hartelijk danken voor jullie inspanningen en aanwezigheid bij de promotie. In
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mijn experimentele werk heb ik altijd alle vrijheid gekregen om de dingen te
doen zoals ze mij goeddunkte. Ook daarvoor wil ik Peter bedanken, maar niet
zonder hier ook Jan Kees noemen. Het optisch lab is volgens mij niet echt jouw
stekkie, je was er meestal even snel weer uit als je erin gekomen was. Gelukkig
ben je het werk wat daarbinnen gebeurde wel altijd blijven steunen, ook al was
er weer eens een attocube gesneuveld.
De nanokristallen die ik in de afgelopen jaren bestudeerd heb, zijn gemaakt
door Patrick Chin van de technische universiteit Eindhoven. Hoewel synthese
proces van de nanokristallen nauwelijks aan de orde komt in dit proefschrift, is
het toch echt een kunst om goede nanokristallen te maken. Ik wil je dan ook
hartelijk bedanken voor al je moeite.
De experimentele opstellingen die ik gebruikt heb, lagen zelden compleet
in de kast. Dat is maar goed ook, want ik denk met veel plezier terug aan
de vele uren die ik in het optisch lab aan het knutselen was. In de afgelopen
jaren is het aantal ‘custom made’ blokjes om twee componenten aan elkaar
te knopen behoorlijk toegenomen. Ik wil Ferry Derksen bedanken voor zijn
ondersteuning wanneer ik weer eens met een ontwerpje en een stuk aluminium
de zelfwerkplaats in kwam lopen. Daar trof ik dan vaak ook Ed Anthonis, met
als gevolg dat er het eerste half uur weinig gedraaid of gefreesd werd en er volop
gepraat en gegrapt werd.
Natuurlijk waren er ook dingen die mijn draai- en freeskunsten te boven
gingen. Gelukkig beschikt de afdeling over enkele goede ﬁjnmechanici. Jos
maakte de imaging insert waarmee ik de eerste jaren ﬂink gestoeid heb in mijn
pogingen om enkele nanokristallen te zien. Helaas bleek Jos z’n creatieve oplos-
sing voor het bewegen van het sample niet goed te combineren met mijn wens
om individuele nanokristallen te zien. Nu kan ik dat Jos niet kwalijk nemen,
want die wens kwam immers pas na dat de insert gemaakt was. Inmiddels had-
den we de attocubes ontdekt en Ramon maakte een insert waar deze, na enig
passen en meten, in gemonteerd konden worden. Met die insert slaagde ik er
uiteindelijk in om het licht van enkele nanokristallen waar te nemen, terwijl die
een verdieping lager in een cryostaat en in een magneet zaten. Bedankt, niet
alleen voor die insert, maar zeker ook voor alle andere klusjes die je opknapte.
Bij Lijnis kon ik altijd terecht voor allerlei kleine klusjes; een schroefje zus, een
moertje zo, feedback op nieuwe ideee¨n. Bedankt daarvoor en voor je openheid
en vakmanschap.
Henk wil ik bedanken voor alle prettige gesprekken over blaasmuziek en voor
zijn onmisbare hulp bij allerlei electronische probleempjes die je als promoven-
dus tegenkomt. Je had altijd wel weer een creatieve oplossing die goed werkte.
En of ik ze nu zelf maakte of jij, het Henk-doosje zal altijd een begrip blijven
voor mij. Harry wil ik bedanken voor de ondersteuning bij het werkend krijgen
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en houden van ons “prachtige” koelcircuit voor de lasers, ondanks dat dit je
maar aﬂeidde van het draaiend houden van de magneetinstallatie. Peter Albers
wens ik veel succes en veel plezier in z’n baan als optica-technicus. Ik hoop dat
ik je een eindje op weg heb kunnen helpen en dat je niet te veel schrikt van alle
labview programma’s die er zijn. Met jouw komst zullen volgende promovendi
zich niet langer bezig hoeven houden met waterleidingen, de kuren van de lasers
en de aansturing van allerlei fraaie (oude) apparaten. Ik hoop dat jij daar net
zo veel lol in gaat hebben als ik gehad heb in de afgelopen jaren.
De meeste mensen bedanken Hung altijd voor het oplossen van al hun com-
puterproblemen. Helaas had Hung al snel in de gaten dat ik daar zelf net zo
goed in ben als hij, met als gevolg dat zelf m’n boontjes kon doppen en ik je er
hier dus niet voor kan bedanken. Waar ik je wel hartelijk voor wil danken zijn
de zelfgemaakte fameuze loempia’s, waar je ons af en toe eens op trakteerde,
maar bovenal ook voor al je grappen, grollen en gezegdes. . . en niet alleen
tijdens de koﬃepauze. Ik heb ook prettig met je samen kunnen werken bij het
omschrijven van het spoelbewakingsprogramma naar labview en onlangs bij een
stevige revisie van besturingssoftware van de magneetvoeding. Ik hoop dat je
er nog lang plezier van hebt. Stef z’n wantrouwen jegens nieuwe programma’s
zal me nog lang bij blijven, alsmede het devies testen-testen-testen. Ook Jos
wil ik, samen met Stef en Hung, bedanken voor de ﬁjne samenwerking bij dat
project.
Over projecten gesproken. . . lang, lang geleden, eind 2002, was er de ver-
huizing van het lab. Stef Olsthoorn had dat allemaal keurig georganiseerd en
hoewel het een hoop tijd kostte, had het wel een handig voordeel: als je alles
uit het optisch lab inpakt en uitpakt, weet je daarna ontzettend goed wat er
allemaal is. Ook vond ik het ﬁjn om te zien hoe de hele afdeling eens echt samen
ergens mee bezig was. Van Uli zal me uit die periode ook de PAL-transformatie
bij blijven. Ik weet niet hoe vaak we die toegepast hebben toen we het beruchte
Jan-van-Bentum-hok aan het leegruimen waren, maar het was vaak. Zijn prak-
tische aanpak, hoewel niet altijd even handig getuige de kreukel-ombuis, en de
grote kennis over alles wat koud moest worden, waren ook vaak van nut.
Ine en Martha zorgden er samen voor de afdeling soepeltjes draaide en
konden vrijwel alles voor je regelen. Martha wil ik bedanken voor de goede ge-
sprekken en raad op de momenten dat het ergens in mijn leven een beetje tegen
zat. Deze lange rij van collegae sluit ik af met alle promovendi en post-docs die
tegelijkertijd met mij op de afdeling rondliepen. Eric, Fabio, Maaike, Marius,
Freddy, Ce´cile, Cecilia, Kostya, Igor, Hans, Vadym, Ken, Giorgia, Iris, Hans,
Paul, Maurits, Jeroen, Jos, Erik, Janneke, Victor, Arend, Bhavtosh en Erik
wil ik danken voor de gezelligheid bij de borrels, de georganiseerde uitstapjes,
tijdens de verhuizing, het helium halen - toen dat nog een hele tour was - en
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vooral voor de gezellig in het lab. Van Ce´cile heb ik de kunstjes van de optica
mogen leren die ik later, samen met het handige gereedschap, weer door heb
kunnen geven aan volgende promovendi. De meeste van de metingen die in dit
proefschrift staan, zijn verzameld in de vele nachten en weekenden waarin ik
samen Janneke in het donker van het optisch lab naar een computerscherm met
knipperende vlekjes of fraaie spectra zat te turen. We hebben vele uren gedis-
cussieerd over de fysica van nanokristallen, over hoe mensen met elkaar omgaan
en nog veel meer. De dropjespotten op onze bureaux speelden daarbij wellicht
ook een rol. Ik wil je bedanken voor een waardevolle samenwerking en een
goede vriendschap en ik vind het ﬁjn dat je als paranimf mij wil ondersteunen
tijdens de laatste momenten van mijn promotie.
Ook buiten de afdeling is er een groep mensen geweest bij wie ik gewoon
mezelf kon zijn en waar ik even lekker kon ontspannen. Daarvoor bij deze dank
aan mijn familie, vrienden, het voetbalteam en alle Koe¨lemoe¨ters. Mark, mede
dankzij jouw enthousiasme ben ik bij deze groep muzikanten terecht gekomen
en gebleven. In de afgelopen vijf jaar is er een dierbare vriendschap ontstaan.
Ik wil je bedanken voor de vele diepe gesprekken, soms tot ‘s ochtends vroeg,
de gezelligheid en al het andere. Ik vind het ﬁjn dat ook jij als paranimf aan
mijn zijde zal staan.
De omslag van dit boekje zou nooit geworden zijn wat het is, zonder de
kunsten van twee mensen. Jo, ik vind het ontzettend jammer dat zelf niet meer
kunt zien dat je werk hier nog terecht gekomen is. Job, zonder jou, je fototoestel
en je enthousiasme en kundigheid, hadden we nooit de foto’s kunnen maken,
die de omslag nu verfraaien. Daarvoor en voor je vriendschap mijn hartelijke
dank.
Tot besluit, en daarmee ben ik weer terug bij ‘last, but not least’, wil ik
mijn ouders en zusje bedanken voor hun interesse en steun. Jannie, veel succes
met jouw boekje, want ook dat komt goed. Met mijn zorgen over alles rondom
mijn onderzoek stond ik dankzij mijn moeder nooit alleen, of ik dat nu wilde
of niet. Mijn vader is altijd het vertrouwen uit blijven stralen dat het allemaal
wel goed zou komen. Je hebt dit hele boekje doorgelezen en me nog de laatste
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The demands on the electronic and electro-optical devices of the future have
been, and will be, the same for many years. Devices must be smaller, faster,
cheaper and have more functionalities than before. In the past decades the
quest to fulﬁll these demands has been quite successful and many of the devices
of today are based on nanotechnology, i.e. one or more of the device’s dimen-
sions are in the 1–100 nanometre range. A wide range of nanostructures has
been created, including quantum dots, quantum rods, nanowires, nanorings,
nanotubes and so forth, which are promising materials for new applications.
However, as the dimensions approach (sub-)nanometre scales, many new phys-
ical phenomena appear, which are fundamentally diﬀerent from those of bulk
material and unique to these kind of structures. This raises a fundamental
question which we try to answer in this thesis: What is the relation between the
structure and the optical properties of low dimensional nanostructures?
In general those new phenomena appear because the motion of charge carri-
ers is conﬁned by the dimensions of the nanostructure. A wide range of materi-
als has been used to form nanostructures, from metallic particles, semiconductor
structures and carbon nanotubes to organic molecules. In the latter case small
organic molecules are used as building blocks that spontaneously self-assemble
into nanostructures. This bottom-up approach has been very successful em-
ployed in the fabrication of a wide range of nanostructures with variable shape
and functionality. More traditional methods to prepare nanostructures involve
top-down technology using semiconductor crystals. Thin layers of diﬀerent ma-
terials are deposited on top of each other, after which the desired nanostructure
is obtained by etching.
The majority of this thesis is devoted to a relatively new way to conﬁne
carriers in more than one dimension, through the synthesis of semiconductor
nanocrystals [1], such as CdSe dots and rods. Solutions of precursors such
1
1 Introduction
as dimethylcadmium and tri-octyl-phosphine selenium are prepared and one of
these is heated in a reaction vessel. At the right temperature the other precursor
is injected, upon which nucleation occurs and the nanocrystals start to grow.
The type of precursor and the exact reaction conditions strongly determine the
shape of the obtained crystals, thus providing easy access to spheres, rods and
various more exotic crystal shapes [2]. The crystal growth can be interrupted at
any time and therefore the size of the crystals can easily be tuned. Variations
in the selenium ligand, such as tri-octyl-phosphine, change the solubility of
the nanocrystals and also passivate dangling bonds on the crystal surface. It
has been shown that surface passivation, either by organic ligands or by a
combination of ligands and a non-organic shell, aﬀects optical properties such
as the quantum yield [3]. The optical properties of nanocrystals depend strongly
on size, shape and surface, which are tunable parameters in the crystal synthesis
process and thus the optical properties themselves are tuneable. This has lead
to wide range of application of nanocrystals in bio-labelling [4], light emitting
diodes [5] and lasers [6].
Even though the size and shape of nanocrystals can be controlled, a detailed
understanding of the optical properties is still lacking. These properties are de-
termined by the recombination of excitons, electron-hole quasiparticles that are
formed when an electron is promoted to the conduction band, for instance upon
photo-excitation, leaving a hole in the valence band. At present, nanocrystal
models are developing along two lines. The ﬁrst type is based upon the eﬀec-
tive mass approximation and uses the Luttinger Hamiltonian [7, 8] to ﬁnd the
wavefunctions and energies of the electron and hole band states. Coulomb in-
teractions and crystal shape eﬀects then determine the exciton states [9]. The
phenomenological nature of these models provides an easy to use conceptual
understanding, and the inﬂuence of external perturbations, such as a magnetic
ﬁeld, is extensively discussed in chapter 2. The drawback of this model is the
fact that it neglects the inﬂuence of surface states. Due to the small (1–10 nm)
dimensions of the nanocrystals, the surface-volume ratio is rather large, which
implies that surface states play an important role in governing the actual opti-
cal properties. An alternative approach is to construct a nanocrystal from its
constituent atoms and numerically calculate the band structure resulting from
the atomic potentials, using pseudo-potential methods [10, 11]. Although con-
ceptually less clear and without the inclusion of external perturbations, these
models do include surface eﬀects.
It is well known that in cadmium-selenide nanocrystals the eight-fold de-
generacy of the ground-state exciton is lifted, leading to ﬁve distinct states.
This level structure is frequently referred to as the exciton ﬁne structure in
which each level is characterised by its spin projection F along the c-axis of
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the underlying wurtzite crystal. This exciton ﬁne structure provides two main
experimental handles that are used in this thesis to determine the properties
of dots and rods. First of all, the actual optical emission is determined by
the optical selection rules of exciton levels with diﬀerent angular momentum.
Secondly, strong magnetic ﬁelds can be used to identify exciton levels using
the Zeeman eﬀect and the inﬂuence of a magnetic ﬁeld on the optical selec-
tion rules. Therefore, we employ several diﬀerent magneto-optical techniques
to unravel the exciton ﬁne structure of nanocrystal quantum dots and rods.
The eﬀect of a magnetic ﬁeld on the exciton ﬁne structure is twofold: ﬁrstly,
the Zeeman splitting lifts the degeneracy of the exciton levels by changing
the energy of the diﬀerent spin states. Secondly, a magnetic ﬁeld mixes the
bright and dark exciton states, enhancing the recombination of the dark exciton.
Therefore, a magnetic ﬁeld is a powerful tool to study the properties of the exci-
ton ﬁne structure. In this thesis we will show that magneto-photoluminescence
experiments reveal an intricate interplay of the diﬀerent recombination pro-
cesses mentioned above.
In a typical photoluminescence spectroscopy experiment a sample of nano-
crystals is illuminated by a laser while collecting its luminescence. The obtained
spectra are generally broadened due to averaging over a large number of na-
nocrystals, which are slightly diﬀerent in size, aspect ratio, orientation, surface
quality etc. This is commonly called ensemble averaging, which hides much of
the character of the emitting states. In this thesis we employ two diﬀerent tech-
niques to collect ensemble photoluminescence spectra, which are distinguished
by the excitation energy. In non-resonant photoluminescence experiments the
laser has a high energy and excites exciton states up to that energy. As such,
the obtained spectra contain information on both the low and the high energy
exciton states. To probe only the lowest energy levels, we tune the excitation
energy in resonance with the lowest bright exciton. This technique, known as
ﬂuorescence line narrowing (FLN), reduces ensemble averaging, and allows us to
study diﬀerent recombination processes. In chapters 3 and 4 we use both type
of photoluminescence experiments in a detailed study of nanocrystal quantum
dots and rods.
Complete removal of ensemble averaging can only be achieved by reducing
the number of nanocrystals in the excitation volume to one, thus measuring
the optical properties of a single nanocrystal, see chapter 7. In principle this is
a straight-forward experiment, that requires a ﬂuorescence microscope with a
high magniﬁcation and a clean sample containing only the objects of interest. In
chapter 5 we introduce wide-ﬁeld and scanning confocal ﬂuorescence microscopy
setups, which were developed and used to study single nanocrystals (chapter
7) and single molecular ﬁbres (chapter 6) and that can be used to study any
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ﬂuorescent object of interest.
This thesis is divided into two parts. In the ﬁrst part we study the exci-
ton ﬁne structure of spherically and cylindrically shaped CdSe nanocrystals,
i.e. nanocrystal quantum dots and quantum rods. We employ resonant and
non-resonant polarised ﬂuorescence spectroscopy at low temperatures and use
a magnetic ﬁeld to unravel the nature of the dark exciton states. Chapter 2
serves as an introduction into the eﬀective mass model used to describe the
exciton ﬁne structure in these type of nanocrystals. The ﬁrst sections on quan-
tum dots and rods are based on the work of Efros and co-workers, which is
then extended to calculate the actual photoluminescence spectra of these crys-
tals that can be directly compared to experiments. In chapter 3 we discuss the
results of our magneto-photoluminescence spectroscopy study on nanocrystal
quantum dots. The combination of resonant and non-resonant photolumines-
cence spectroscopy evidences a complex interplay between phonon-assisted and
zero-phonon transitions of the dark exciton, the latter of which are enhanced by
unpassivated surface states and exciton mixing in high magnetic ﬁelds. Chap-
ter 4 presents the results of a similar study on cylindrical nanocrystal quantum
rods, which conﬁrms that the exciton ﬁne structure of rods is similar to that
of dots. Surprisingly, we ﬁnd that the non-resonant photoluminescence prop-
erties of rods and dots diﬀer substantially. This proves that the recombination
of high energy exciton levels strongly depends on nanocrystal shape. Further-
more, we ﬁnd evidence that high magnetic ﬁelds squeeze the excitons in these
rods, whenever the magnetic length exceeds the crystal length.
The second part of this thesis deals with ﬂuorescence microscopy at the
single object level. Chapter 5 introduces the experimental techniques used
and describes our homebuilt wide-ﬁeld ﬂuorescence microscopy setup. This
newly developed setup allows us to measure photoluminescence spectra of sin-
gle objects in high magnetic ﬁelds. In chapter 6 we use polarised wide-ﬁeld
ﬂuorescence microscopy to determine the intrinsic order of molecular ﬁbres,
self-assembled from tetra(p-phenylenevinylene)-molecules. Here we ﬁnd that
the optical properties of a single ﬁbre are not solely determined by the nanos-
tructure itself, but also strongly inﬂuenced by its environment, i.e. the used
support. The ﬁnal chapter presents experiments on the polarised emission of
single nanocrystal quantum rods, which can be used to determine the 3D ori-
entation of these crystals in a polymer matrix. Furthermore, we present the
ﬁrst results of single nanocrystal quantum dot spectroscopy in high magnetic
ﬁelds. With the absence of ensemble averaging, this type of experiment can
provide detailed information on the energies and recombination processes of
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We use the eﬀective mass approximation to model the exciton ﬁne
structure in cadmium-selenide nanocrystals, which allows us to cal-
culate the size and shape dependence of the exciton energies and
the transition probability for optical recombination. Using this
model we are able to calculate the expected photoluminescence spec-
trum of nanocrystals and extract the peak energies. and intensities.
These calculations reveal that mixing of the exciton states strongly
modiﬁes the photoluminescence properties of nanocrystals in a non-
intuitive manner. This model deﬁnes a theoretical framework, in
terms of which the experimental results of the next chapters will be
discussed.
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2.1 Introduction
In this chapter we introduce a frequently used eﬀective mass approximation
model to calculate the eﬀects of external magnetic ﬁelds on the exciton ﬁne
structure in semiconductor cadmium-selenide (CdSe) nanocrystals (NCs) with
a wurtzite crystal structure. This model, which was developed by Efros et al. [1],
provides perturbation matrices from which we calculate the exciton energy and
transition probability in a magnetic ﬁeld. Using ﬁrst-order perturbation theory
this model provides analytical expressions that reveal that the energy and tran-
sition probabilities strongly depend on the orientation of the NC with respect
to the magnetic ﬁeld direction. The photoluminescence (PL) of CdSe NCs is
determined by summing up the contributions of all exciton levels. We calcu-
late these contributions by numerically computing the Eigenvalues (energy) and
Eigenvectors (wavefunctions) of the perturbation matrices. Subsequently, the
transition probabilities and the level population are calculated, that determine
the PL intensity of each exciton level. Finally, the PL energy and intensity are
determined by the intensity weighted average of all exciton contributions. Most
of the ingredients of this model have been extensively discussed in literature.
However, we added two important contributions to the model. First, we com-
pute the energies and wavefunctions of the exciton by numerically solving the
Eigenvalue problem, thus also including higher order perturbative corrections.
These contributions play an important role in the mixing of the exciton levels
in a magnetic ﬁeld. Second, we compute the observed PL energy and intensity
as an intensity weighted average of all exciton level contributions, whereas usu-
ally only the lowest energy level is taken into account to explain the observed
degree of circular polarisation. In most reports, the PL energy and intensity
are completely ignored. We show that even at the lowest temperatures, all
PL properties – including the degree of polarisation – are determined by the
competition between the lowest and second-lowest energy levels.
We continue the introduction of this chapter with a basic description of
the conduction and valence bands in semiconductor nanocrystals. Then we
focus our attention to the spherical nanocrystal quantum dots (NQDs) and
use the framework laid down in the introduction to discuss their exciton ﬁne
structure. We describe the size and shape dependence of the exciton energy
levels, the transition probabilities and the changes in the ﬁne structure when
the NQDs are subjected to an external magnetic ﬁeld. We combine these eﬀects
to calculate the PL spectra of NQDs and extract the evolution of energy and
intensity with a magnetic ﬁeld. In the ﬁnal sections of this chapter we turn to
nanocrystal quantum rods (NQRs), cylindrically shaped NCs with high aspect
ratios, and investigate the exciton ﬁne structure in a similar manner. First we
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discuss the size and magnetic ﬁeld dependence of the exciton levels. These are
then used to calculate the PL spectra from which we determine the evolution
of PL energy and intensity with magnetic ﬁeld.
2.1.1 Particles in a sphere
The nanocrystals considered in this thesis are ﬁrst and foremost crystals of cad-
mium and selenide atoms packed in a periodical lattice. Because the atoms are
close to each other, there will be interactions between the electrons of neigh-
bouring atoms. This modiﬁes the electronic structure; the discrete energy levels
of atoms are broadened to energy bands in crystals. The interactions between
neighbouring atoms are governed by the periodicity of the crystal lattice, there-
fore the electronic wavefunctions will depend on the lattice. This has been
modelled by the eﬀective mass approximation (EMA), which allows us to write
the electronic wavefunction of a bulk crystal in terms of Bloch waves [2]
Ψnk(r) = unk(r) exp(ik · r), (2.1)
where k is the wavevector and unk has the periodicity of the crystal lattice
and its indices n and k label the type of band (conduction or valence) and the
wavenumber k, respectively. As a result, the energy becomes k-dependent as












where mceﬀ and m
v
eﬀ are the eﬀective masses of the conduction and valence bands
respectively and Egap is the bandgap energy.
In principle the EMA is valid only for bulk crystals, or more speciﬁcally,
for crystals with diameters larger than the lattice constant. Although NCs are
pretty small, their diameter is still a few orders of magnitude larger than the
lattice constant and thus application of the EMA is still valid. This changes the
curvature of the parabolic energy bands, shown in ﬁgure 2.1a. Application of
the envelope function approximation [3, 4] allows us to determine the electron
and hole levels in these bands. To this end we write the single-particle (sp)
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Ank exp(ik · r) = un0(r)fsp(r), (2.3)
where Ank are coeﬃcients that satisfy the boundary conditions, fsp are the
single-particle envelope functions and because unk is assumed to have a weak
























Figure 2.1: a) Simple parabolic conduction and valence bands and b) with
discrete energy levels.
The single-particle envelope functions fsp depend on the geometry of the
NC. Let us now consider a spherical NC and employ the simple particle-in-a-
sphere model to calculate the envelope functions. This model, which is treated
by most standard textbooks on quantum mechanics [5], considers an arbitrary
particle, with mass m0, in an inﬁnitely deep spherical potential well, i.e. V = 0
inside the sphere, and V = ∞ outside the sphere. Solving the Schro¨dinger
equation then yields:















where A is a wavefunction normalisation constant, a denotes the radius of the
potential well, jl is the l-th order spherical Bessel function, Yl,m is a spherical





and ϕn,l is the n-th zero of the l-th order spherical Bessel function and (r, θ, φ)
are the spherical coordinates. We see that the Eigenstates of such a system are
simple hydrogen-like orbitals, labelled by the quantum numbers n = 1, 2, 3, . . .,
l = 0, 1, 2, . . . (s, p, d,. . . ) and m = −l, .., l. Note that we have a full series of
l-values for each n, in contrast to the atomic model where l only counts up to
n− 1 as a result of the 1/r character of the atomic potential.
We now insert the single-particle envelope functions given by the particle-in-
a-sphere model, and ﬁnd that both conduction and valence band show discrete
levels, see ﬁgure 2.1b. These levels are described by hydrogen-like orbitals
conﬁned to the NC and labelled by their quantum numbers n and L. It is
common to change case of the orbital quantum number l in equation (2.4) to
distinguish the orbital momentum contributions of the envelope from those of
the atomic basis of the crystal. Electron and hole levels are thus labelled 1S,
1P, 1D, 2S,. . . The wavefunction of electron-hole-pair states formed in NCs is
written:




















Each of the electron-hole pair states is labelled by nhLhneLe, for example the
lowest state is 1Sh1Se.
2.1.2 Valence bands
The parabolic description of the conduction band is fairly accurate, but the
valence band has a more complicated structure. This band arises from the
selenium 4p states, which have a 6-fold degeneracy, including spin, at k = 0
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[6]. Such a valence band can be described by the Luttinger Hamiltonian [7, 8]
with the k · p method in the spherical approximation for a diamond-like zinc-
blende crystal structure semiconductor, which yields new expressions for the
wavefunctions and energies of the valence band. The changes in band structure
are depicted in ﬁgure 2.2a. The bands are still parabolic, but split-up due to
spin-orbit interactions, into a J = 3/2 and a J = 1/2 sub-band separated by
the spin-orbit coupling Δ. The J = 3/2 sub-band consists of Jm = ±3/2 and
Jm = ±1/2 states, where Jm is the z-projection of J , which are degenerate at
k = 0. These three bands are commonly known as the J = 3/2, Jm = ±3/2



















Figure 2.2: Valence bands in the k · p approximation for a) a diamond-like
zinc-blende semiconductor and b) for CdSe, a wurtzite semiconductor, where
Δ = 420meV [9], Δcf = 25meV and the sub-bands are frequently labelled
A, B and C, which respectively are the heavy-hole, light-hole and split-oﬀ
sub-bands.
CdSe has a wurtzite crystal structure, i.e. has a hexagonal lattice, and
therefore the Luttinger Hamiltonian is only an approximation of the valence
bands that cannot account for two of its main properties. Firstly, there is an
additional splitting of the heavy-hole and light-hole band, due to the crystal
ﬁeld, which lifts the degeneracy of the J = 3/2 band at k = 0. In bulk CdSe
this splitting is small, Δcf = 25meV [1], but in a nanocrystal it can not be
neglected as will be shown later. Secondly, the lack of inversion symmetry in
the hexagonal lattice leads to terms in the wavefunctions and energies that are
linear in k, which further splits the heavy-hole and light-hole bands.
These complexities in the band structure are not accounted for by the EMA
as described so far. Additional terms have to be included to account for the
14
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coupling of the valence band near k = 0. The perturbative k · p method is com-
monly used to extend the EMA to include intraband coupling. The Luttinger
Hamiltonian then becomes a 6×6 matrix, where only spherical symmetric terms
are included [10]. This is called the spherical approximation and it provides an
accurate but separate treatment of the conﬁned holes and electrons, i.e. cou-
pling between conduction and valence bands is ignored. Although this appears
to be acceptable for wide-gap semiconductors, such as CdSe, it is surely not
valid for narrow-gap semiconductors. Coupling of the conduction and valence
bands can be included either by introducing higher order corrections of the
perturbative k · p method or following the alternative method developed by
Kane [11]. The latter has become widely used as it is less troublesome to use
and provides a better description of the non-parabolicities of the bands.
At the end of this introduction we revisit the labelling of the electron-hole
pair states. In equation (2.7) we used the quantum numbers of the envelope
functions, neLe and nhLh, to label these states and ignored the quantum num-
bers of the conduction or valence bands. We have seen that these bands split-up
due to spin-orbit interactions and that the sub-bands are labelled by the quan-
tum number J , which is the sum of the orbital momentum l of the atomic basis





























Interactions:      Quantum numbers:
Figure 2.3: Overview of the quantum numbers and interactions in NCs [6].
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The quantum number J , however, is not conserved when mixing of the bulk
valence bands and mixing of these bands with the envelope functions (S−D-
mixing) [12] is accounted for. Then only parity and the total angular momentum
of the electron or hole Ki = Ji + Li (i = e, h) are proper quantum numbers.
When Coulomb interactions between the electrons and holes create an exciton,
only the the sum of these total angular momenta F = Ke + Kh is conserved.
Figure 2.3 shows a schematic overview the interactions and quantum numbers
that are important in NCs [6].
2.2 Exciton levels in a quantum dot
When an electron-hole pair is created, they will interact because of their op-
posite charge. The Coulomb interaction reduces the electron-hole pair energy,
equation (2.7), binding the particles into an exciton. We now consider the ex-
citon level structure in an NQD. Using the eﬀective mass approximation for
spherically symmetric crystals with a cubic lattice structure, we can calculate
the lowest level for both electrons (1Se) and holes (1Sh,3/2). The electron levels
are two-fold degenerate, due to spin, and the hole levels are four-fold degenerate,
due to the angular momentum J = 3/2.














where a is the crystal radius, Ylm(Ω) are the spherical harmonic functions, |Sα〉
are the Bloch functions of the conduction band, α =↑ or ↓ is the projection of
the electron spin, sz = +1/2 or −1/2.
For holes one ﬁnds:
















where β = mlh/mhh is the ratio of the masses of the light hole and heavy hole





β)j2(ϕ) = 0, (2.10)
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symbols and uμ are the Bloch waves for the valence band Γ8. This band is
4-fold degenerate since J = 3/2, so Jm = μ = +3/2,+1/2,−1/2,−3/2, and its
















[(X − iY ) ↑ +2Z ↓] . (2.11)































2(r)]dr = 1. (2.13)
So, for a spherical NQD, the exciton ground state, which is given by the
product of the electron and hole wavefunctions, is the 8-fold degenerate state
1Sh,3/21Se. This model, however, neither accounts for non-spherical crystal
shapes, nor for the anisotropy of the wurtzite crystal structure nor for electron-
hole exchange interactions. These eﬀects have been treated as perturbations
on the wavefunctions of the electron and hole, equations (2.8) and (2.9). The
results of this model by Efros et al. [1] will be discussed below.
2.2.1 Size and shape dependent exciton levels
The valence band wavefunction described by equation (2.9) corresponds to a
band structure as has been depicted in ﬁgure 2.2a. As can be seen from this
ﬁgure, there is a 4-fold degeneracy at k = 0, which is lifted not only by the
crystal ﬁeld splitting Δcf [1, 13], but also by non-spherical nanocrystal shapes
17
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[14]. The total splitting of the light hole and heavy hole sub-bands is given
by [1]:
Δ(a, β, μ) = Δlattice +Δshape
= Δcfv(β) + 2μu(β)E3/2(β), (2.14)
where v(β) and u(β) are dimensionless scaling functions that depend only on
the ratio of the light and heavy hole mass and μ = c/b − 1 is the ellipticity of
the crystal, which is determined by the ratio of major (c) and minor (b) axes
of the nanocrystal (NC).
Furthermore, the 8-fold degeneracy of the lowest exciton level (1Sh,3/21Se)
is also lifted by electron-hole exchange interactions, which mix diﬀerent electron
and hole states. The exchange interaction can be written as [15]
Hˆexchange = −2/3
exchangea30δ(re − rh)σ · J , (2.15)
where σ is the Pauli spin-1/2 matrix, J is the hole spin-3/2 matrix, a0 is the
lattice constant and 
exchange = 450meV [1] is the exchange strength constant.





























Figure 2.4: The exciton energy levels in the spherical model are split by the
lattice structure, the shape of the nanocrystal and the electron-hole exchange
interaction [6].
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The exchange splitting of the degenerate ground state depends on the lattice
structure of the NC. The ground state of a cubic lattice is an 8-fold degenerate
exciton state, which splits up into a 5-fold degenerate optically passive state
and a 3-fold degenerate optically active state, with total angular momenta of
2 and 1 respectively. A hexagonal lattice on the other hand, yields a 4-fold
degenerate ground state, which splits into a triplet and a singlet by the exchange
interaction. This is illustrated on the left and right hand sides of ﬁgure 2.4.
The central part of this ﬁgure shows how either of these situations develop into
what has become known as the exciton ﬁne structure of NQDs, which will be
discussed below.
The eﬀects of the lattice structure, shape asymmetry and the exchange
interaction can be combined into the following perturbation matrix VS&S:





0 0 0 0 0 0 0




0 0 −i√3η 0 0 0




0 0 −i2η 0 0




0 0 −i√3η 0




















By computing the Eigenvectors and Eigenvalues, we ﬁnd that the original,
spherical, 8-fold degenerate exciton state is split into ﬁve degenerate levels, that
can be labelled by the projections of the total angular momentum F = Jh + sz.
We thus ﬁnd one 2-fold degenerate level for the F = ±2 states, described by:
Ψ2(re, rh) = Ψ↑,3/2(re, rh),
Ψ−2(re, rh) = Ψ↓,−3/2(re, rh) with




two 2-fold degenerate levels for the F = ±1 states:
ΨU,L1 (re, rh) = ∓iC±Ψ↑,1/2(re, rh) + C∓Ψ↓,3/2(re, rh),
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and two levels for the F = 0 states:
ΨU,L0 (re, rh) =
1√
2








The amplitude coeﬃcients for the F = ±1 states are given by:
C± =
√√





where f = (Δ − 2η)/2 and d = 3η2.
With this model, the energy of each exciton level can be calculated as a
function of size and ellipticity. Figure 2.5 shows the size dependence of the
energy levels for diﬀerently shaped nanocrystals, starting with a spherical (μ =
0) crystal in ﬁgure 2.5a, followed by increasingly more prolate crystals with
μ ranging from 0.10 to 0.28 in ﬁgures 2.5b-d. As the ellipticity increases Δ
becomes negative for small NCs, which shifts the F = 0L to lower energy. A
crossing occurs when Δ = 0, after which this state becomes the ground state.
Depending on whether the crystal lattice and shape of the NC, or the
electron-hole exchange interaction dominates, these ﬁve levels combine into the
two 4-fold degenerate states of the light and heavy hole or into a 3- and 5-fold
degenerate state with F = 1 and F = 2 respectively. This general behaviour,
which is schematically depicted in ﬁgure 2.4, is visible on the right hand side
of each panel of ﬁgure 2.5, where the lattice and shape dominate, and on the
left hand size, where the exchange interactions dominate the level structure.
2.2.2 Transition probabilities
The interpretation the photoluminescence spectrum of (an ensemble of) NCs
requires a calculation of the transition probabilities, or oscillator strengths, for
each of the exciton levels. Therefore, we need to compute the matrix elements
given by
MFm = 〈0|e · pˆ|Ψ˜Fm〉 = 〈ψe|e · pˆ|ψ˜M 〉, (2.22)
where Ψ˜F is the exciton wavefunction in electron-electron representation. These
are obtained by complex conjugating the coeﬃcients in equations (2.18), (2.19)
and (2.20) and complex conjugating and ﬂipping the spin in the hole Bloch
wavefunctions (2.11). The transition probability, given by the square of the
matrix element, can be calculated after substitution of the electron and hole
20







































































Figure 2.5: a-d) Exciton energy levels for μ is 0.00, 0.10, 0.20 and 0.28.
Dashed lines indicate the optically passive or dark states, F = 0L and F = ±2.























|〈Sα|e · pˆ|u˜μ〉|2 , (2.23)
which reduces to
PFm = K |〈Sα|e · pˆ|u˜μ〉|2 , (2.24)















dΩYlmY00 = δl0 only the l = 0 components of (2.9) contribute to K.
For linear polarised light, the vector product e · pˆ can be expanded as: [6]
e · pˆ = ez pˆz + 12 (e−pˆ+ + e+pˆ−) , (2.26)
21
2 Modelling the exciton ﬁne structure in CdSe nanocrystals
where pˆ± = pˆx ± ipˆy and e± = ex ± iey, zˆ is the direction of the nanocrystal
hexagonal axis and x, y are perpendicular to this axis. To describe circular
polarised light, a second polarisation vector is required, which is perpendicular
to k, the light propagation and to the other polarisation vector, e ′ = e × k
vector. The circular polarisation vector is then determined by 
± = e± ie ′, and
the vector product 
 · pˆ can now be expanded to













We can now calculate the matrix elements 〈Sα|e · pˆ|u˜μ〉 for left and right
handed circular polarised light, for each electron-hole state. For the F = ±2
states this yields
M↑,3/2(σ±) = 〈S ↑ |e · pˆ|
1√
2
(X − iY ) ↓〉 = 0 and
M↓,−3/2(σ±) = 0, (2.28)
which are dark, since a photon cannot carry a momentum of 2. For the states
with F = +1, we ﬁnd
M↑,1/2(σ±) = 〈S ↑ |e · pˆ|
−i√
6













where P = 〈S|pxX〉 is the Kane interband matrix element. Similarly, we ﬁnd



















It is easy to see that these matrix elements add up to zero for the F = 0L
exciton, which explains the dark character of this exciton state.
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2.2.3 Perturbations by a magnetic ﬁeld





geμBσ · H − ghμB K · H, (2.32)
where ge and gh are the g-factors for the electron and hole and μB is the Bohr
magneton. In CdSe the electron g-factor is 0.68 [1] and the hole g-factor is
-1.09 [1, 16]. The following perturbation matrix, VH , allows the calculation of
the exciton energy levels in a magnetic ﬁeld:
(↑,3/2) (↑,1/2) (↑,−1/2) (↑,−3/2) (↓,3/2) (↓,1/2) (↓,−1/2) (↓,−3/2)
(↑,3/2) V11 V12 0 0 V15 0 0 0
(↑,1/2) V21 V22 V23 0 0 V15 0 0
(↑,−1/2) 0 V32 V33 V12 0 0 V15 0
(↑,−3/2) 0 0 V21 V44 0 0 0 V15
(↓,3/2) V51 0 0 0 −V44 V12 0 0
(↓,1/2) 0 V51 0 0 V21 −V33 V23 0
(↓,−1/2) 0 0 V51 0 0 V32 −V22 V12
(↓,−3/2) 0 0 0 V51 0 0 V21 −V11
(2.33)
where the components Vij are given by:
V11 =
μBHz(ge−3gh)

















Here Hz = H cos(θ) is the magnetic ﬁeld component along the hexagonal axis,
θ is the angle between the magnetic ﬁeld vector and the hexagonal axis and
H± = Hx ± iHy are the ﬁeld components perpendicular to the hexagonal axis.
A magnetic ﬁeld lifts the degeneracy in the original F = ±2 and F = ±1
states and mixes the original exciton levels. Speciﬁcally, the states with total
angular momentum +(−)2 mix with +(−)1 states, and the F = 0 states mix
with both the F = +1 and the F = −1 states. This mixing results in a
reduction of the Zeeman shift of the exciton energy and in a decrease of the
dark-exciton lifetime, due to mixing of bright and dark wavefunctions [1, 17].
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2.3 Quantum dot photoluminescence spectra
Within this description we calculate the photoluminescence spectrum of a na-
nocrystal with a given size and shape in an external magnetic ﬁeld. We cal-
culate the Eigenvectors and Eigenvalues of the summed perturbation matrices
VS&S + VH . Due to oﬀ-diagonal elements of VH , it is no longer possible to
give analytical equations for the energy and wavefunction of the exciton levels.
Such expressions can be obtained in ﬁrst- and second-order perturbation, how-
ever, they cannot explain certain anti-crossings that follow from the Eigenvalue
calculation.
Therefore, we choose to solve the Eigenvalue problem of the perturbation
matrices VS&S + VH numerically, thus automatically including higher order
corrections. Because this calculation yields the energy and wavefunction for all
excitons, we include contributions from all states in our calculation of the PL
properties. There are two aspects, which are discussed in detail below, that
distinguish our method and results from those of others, which are generally
limited to ﬁrst-order perturbation and consider only the lowest exciton levels
[18,19].
Figure 2.6 shows the energy of the degenerate exciton levels for a spherical
NC of 15 A˚ radius, in a magnetic ﬁeld. We compare three orientations of the
c-axis with respect to the ﬁeld direction: parallel (θ = 0◦), perpendicular (θ =
90◦) and the intermediate angle θ = 45◦. The ﬁgure reveals a maximum energy
splitting of the degenerate F = ±2 and F = ±1 levels if the c-axis and the ﬁeld
are parallel. This splitting decreases with increasing angle and leaves only a
small shift at θ = 90◦, which is also observed in the non-degenerate F = 0
levels. This shift is a result of higher order corrections.
As a result of the inclusion of higher order correction terms, also known as
mixing terms, the numerically calculated Eigenvectors contain components of
all electron-hole pair wavefunctions Ψα,M . Therefore, it is convenient to deﬁne
a general wavefunction:
Ψ = AΨ↑,3/2 +BΨ↑,1/2 + CΨ↑,−1/2 +DΨ↑,−3/2 +
EΨ↓,3/2 + FΨ↓,1/2 +GΨ↓,−1/2 +HΨ↓,−3/2. (2.34)
The transition probability of this general wavefunction is easily calculated by






±− (3E − i√3B)+ 




 − iF )
∣∣∣2 . (2.35)
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Figure 2.6: (a) Magnetic ﬁeld dependence of the exciton energy levels in
a 15 A˚,μ = 0 radius CdSe QD. The solid lines are the levels for a QD with
θ = 0◦, the dashed lines are for θ = 45◦ and the dotted lines are for θ = 90◦.
The stars indicate the maximum Zeeman shift of the F = ±2 excitons. (b)
Schematic representation of the axes of a NC that shows the angle θ between
c-axis and magnetic ﬁeld.




ing that the nanocrystal coordinate system (xˆ, yˆ, zˆ) is just a z-x-z Euler rotated
system with respect to the (e,e ′, k) system, see ﬁgure 2.7 it is easy to work out
that:
∣∣
±−∣∣2 = 12 (1± cos(θ))2 ,
∣∣
±+∣∣2 = 12 (1∓ cos(θ))2 and ∣∣
±z ∣∣2 = sin2(θ), (2.36)
where θ is the angle between the light propagation vector k and the hexagonal
axis of the nanocrystal, zˆ. Similarly, expressions can be obtained for the cross-
terms, which also depend on the other rotation angles, ϕ and ψ.
The PL intensity of the exciton levels can be calculated as the product of
transition probability with the relative population of each level. We assume a
thermal distribution of the population of the levels, i.e. nF = exp(−EF /kBT ),





Furthermore, we assume a random distribution of orientations of the hexagonal
c-axis over the upper half of the solid angle Ω. Integrating over ϕ then yields
an expression of the intensity as a function of θ. The cross-products that arise
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in equation (2.35) all depend on the sine or cosine of ϕ, so their contributions
cancel out in the integration process. Equation (2.35) can then be rewritten to:
PF (σ±, θ) = p1 (1± cos(θ))2 + p2 (1∓ cos(θ))2 + p3 sin2(θ), (2.38)
























Figure 2.7: The nanocrystal coordinate system is rotated with respect to the
polarisation vectors, over the angles ϕ, θ and ψ.
Following this procedure, we calculate the elements of the perturbation ma-
trices and solve the Eigenvalue problem. The obtained Eigenvectors determine
the amplitudes p1, p2 and p3 and thus the transition probabilities for each ex-
citon. These probabilities generally scale with sin(θ), because mixing of the
energy levels scales with this term. On the other hand the exciton energy,
which changes because of the Zeeman splitting, scales with cos(θ). Therefore
we repeat these calculations for each θ ∈ [0, π/2] and ﬁnd for each exciton a
spectral proﬁle, i.e. an energy and intensity, that results from the diﬀerent
orientations. Figure 2.8a shows the spectral proﬁle of the dark exciton states
F = ±2 at T = 4.2K in a magnetic ﬁeld of 33T. This proﬁle reveals that (i)
both states emit σ+ and σ− polarised light, albeit with diﬀerent relative inten-
sities, (ii) at θ = 0◦ the energies are highest (lowest) for the +2(−2) states, but
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the intensity is zero, because there is no mixing, (iii) as θ increases to 90◦ both
energies shift to the zero ﬁeld energy value and the intensity generally increases
as sin(θ)[1± cos(θ)]2, see equation (2.38).
The intensity weighted average peak energy is calculated for both circular
polarisations, indicated by arrows in ﬁgure 2.8a. Most strikingly, the dominant
contribution to the PL emission arises from the F = −2 level for both σ− and σ+
polarisation as a result of the angle dependent exciton mixing, spin splitting
and population. This counterintuitive result leads to an apparent splitting
ΔE between the σ− and σ+ polarised emission that is much smaller than the
maximum Zeeman-split energies, which are indicated by stars (see also ﬁgure
2.6a).
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Figure 2.8: (a) Calculated spectral proﬁle of the PL emitted by the low-
est exciton states, F = ±2, in both circular polarisations at B = 33T and
T = 4.2K. The arrows indicate the measured energy and intensity, whereas
the stars indicate the maximum Zeeman shifted energies. (b,c) Calculated
ﬁeld dependence of the peak energy and peak intensity of NQD PL at 20K.
The inset in (c) shows the increase of the degree of circular polarisation with
magnetic ﬁeld, as calculated from the peak intensities.
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Figures 2.8b and c show the evolution of energy and intensity with mag-
netic ﬁeld, which results of the intensity weighted averaging of the spectral
proﬁles of all exciton levels. In contrast to ﬁgure 2.8a, these are the result
of calculations at 20K to clarify the diﬀerence between our method and that
of others. At this temperature the second lowest energy, bright exciton level
(F = ±1L) is also populated. A zero magnetic ﬁeld the PL energy and inten-
sity are therefore determined by the properties of this bright level. The dark
excitons only contribute to the PL once a magnetic ﬁeld is turned on. As they
gain oscillator strength due to mixing with the bright levels, we ﬁnd that the
PL energy starts to shift to the lower lying dark exciton energy. The splitting
of the σ− and σ+ polarised spectra increases with magnetic ﬁeld, but remains
much smaller than the full Zeeman splitting, as demonstrated by ﬁgure 2.8a.
The σ− polarised PL intensity steadily increases with ﬁeld, which is mainly due
to a redistribution in the population of states to the lower energy F = −2 and
F = −1L excitons. The σ+ intensity initially decreases because the F = +1L
level is depopulated and the PL is still determined by the F = ±1L levels. At
high ﬁelds, i.e. >20T, the PL is dominated by the F = ±2 excitons, which are
still gaining oscillator strength and therefore the PL intensity in σ+ starts to
increase again. The Degree of Circular Polarisation (DCP), which is deﬁned as
the ratio (Iσ− − Iσ+)/(Iσ− + Iσ+), generally increases to 0.55 at 20K, see inset
of ﬁgure 2.8c.
We ﬁnd that the ﬁeld required to shift from the situation where the bright
F = ±1L excitons determine the PL properties to that where the dark F = ±2
states dominate, depends strongly on temperature. Because of the zero ﬁeld
energy splitting between the dark and bright states, however, a temperature of
10K is required to signiﬁcantly populate the bright levels. At lower tempera-
tures the PL is determined solely by the dark excitons and we ﬁnd an energy
splitting that increases with ﬁeld, where the σ− polarised energy is lowest. At
zero magnetic ﬁeld the PL intensity is also zero, because of the dark nature of
the excitons and because other recombination processes such as phonon-assisted
transitions are not accounted for in this model. The intensity increases with
magnetic ﬁeld and we ﬁnd that the σ− polarised intensity is brightest.
2.4 Exciton levels in a quantum rod
We now focus on the second type of nanocrystals that appear in this thesis:
nanocrystal quantum rods (NQRs). The model present below is based on the
work of Shabaev and Efros [20,21] and assumes that the long axis of the NQR is
much larger than the short axis. Therefore, the excitons in rod-shaped NCs are
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only conﬁned in two dimensions, in contrast to the spherical NCs discussed in
the sections above. The most important consequence of this, is that the heavy
hole sub-bands shifts to a lower energy. As a result, the light hole sub-bands
becomes the highest energy valence band and excitons in a NQR are formed
with light holes. This is in strong contrast with the NQDs, where excitons form
with both heavy and light holes. Therefore, In this section we ﬁrst discuss the
valence band of NQRs in more detail. We ﬁnd that the hole wavefunctions are
very similar in form to those in NQDs, the main diﬀerence being the cylindrical
symmetry in stead of the spherical symmetry. We continue with the exciton
ﬁne structure in NQRs, which reveals only four exciton states and not eight as
in NQDs, because only light holes play a role in rod-shaped NCs. The section
is concluded with a discussion of the eﬀects of a magnetic ﬁeld on the exciton
ﬁne structure.
2.4.1 Valence band hole wavefunctions in quantum rods
The hole levels in the valence band are described within the six-band model,
which takes the non-parabolicity of the light hole spectrum into account [22].























where Jn is the n-th order Bessel function, uv1/2,μ and u
v
3/2,μ are the valence band
Bloch functions, xt and C
ν,t
μ are dimensionless momenta and sets of coeﬃcients
for each of the three branches of the valence band - heavy holes (h), light holes
(l) and the spin-orbit split-oﬀ (s) holes. The momenta for the light and heavy











1Σ1/2 is the energy of the ground state and γ
L
1 and γ
L are the Luttinger
parameters.
The six-band Hamiltonian can be decomposed into two three-band Hamil-
tonians at kz = 0. The wavefunction of equation (2.40) can then be described
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which are Ch,± = (
√
3, 1, 0) for heavy holes and C l(s),± = (1,−√3,−iχl(s)/
√
2)
for the light (split-oﬀ) holes, where
χl,s = 1−
δ/2 ∓√δ2/4− δγLxl,s + (3γLxl,s)2
γLxl,s
, (2.43)
in which δ = Δ/E0 is the spin-orbit splitting.
In this three-band model, the hole wavefunctions are linear superpositions
of Φh,±jz , Φ
l,±
jz
and Φs,±jz as described by equation (2.44) but still with the same
energy as the wavefunction of the six-band model. The linear superpositions
can be written as



































The coeﬃcients C±jz are determined by the normalisation condition.
Because the spin-orbit coupling in the valence band is much larger than the
ground state energy, even for relatively small sized quantum rods, we can use
a Taylor-expansion to rewrite equation (2.43) into





χs = 2 + δ2γLxs
(2.46)
We see that there is no contribution of the spin-orbit split-oﬀ band, since
C±jz,s = 0. The hole wavefunction of equation (2.44) then becomes















The coeﬃcients Ct,± (2.42) can be used to write the wavefunctions of the heavy






































2.4 Exciton levels in a quantum rod
The wavefunction for holes in the valence band can now be obtained by substi-
tuting (2.48) into (2.47) with jz = ±1/2:





























































xh) = 0, (2.51)
which results from the demand that the wavefunction vanishes at ρ = a. Then,
using equation (2.41), one can determine the energy of the hole ground state.
The condition
∫
dρ2|ψh,±1/2|2 = 1 is used to determine the normalisation con-
stant A.
2.4.2 Excitons in quantum rods
The electrons and holes in the quantum rods will interact and form excitons.
The exchange interaction operator is given by:
Hˆexchange = −2π3 ωSTa
3
exδ(re − rh)σ · J , (2.52)
where aex is the bulk exciton Bohr radius, ωST is the bulk exciton triplet-
singlet splitting, σ is the electron Pauli spin-1/2 matrix and J is the hole














where α denotes the electron spin (↑, ↓; sz = ±1/2), ξ10 is the ﬁrst root of J0
and ucα are the Bloch functions of the conduction band. On the basis of these
wavefunctions we can express the exchange interaction operator as
(↑,+12 ) (↓,+12 ) (↑,−12 ) (↓,−12 )
(↑,+12 ) −η
exch 0 0 0
(↓,+12 ) 0 η
exch −iλ
exch 0
(↑,−12 ) 0 iλ
exch η
exch 0
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where η and λ are overlap integrals, which, for CdSe, have values of η = 0.34
and λ = 1.38 [20], and 






where Φexciton(0) is the exciton wavefunction of relative motion at z¯ = 0 [20].
By solving the Eigenvalue problem of this matrix, we ﬁnd the size depen-
dence of the exciton wavefunctions and energies in quantum rods. The total
angular momentum of the electron and hole, F = s+J , allows us to distinguish
two exciton branches, which can be labelled by Fz, the projection of F on the











E0U,L = (η ± λ)
ex, (2.56)
and two degenerate excitons with Fz = ±1:
Ψ+1 = Ψ↑,+ 1
2
and





Figure 2.9 shows the energy of these excitons as a function of the NQR
radius. We see that the energy splitting between the Fz = 0L and ±1 exciton
is in the order of a few meV. At 18 A˚, which is the mean radius of our NQRs,
the energy splitting is only 1.8meV.
To determine the transition probability of the exciton states, we ﬁrst cal-
culate the matrix elements of the transition operator e · pˆ between the exciton
state in electron-electron notation and the vacuum state,
Mα,±1/2 = 〈0|e · pˆ|Ψ˜α,±1/2〉 = 〈ψe,α|e · pˆ|ψ˜h,±1/2〉. (2.58)
The electron notation of a hole wavefunction is obtained by complex conjugation
of the wavefunction and ﬂipping the spin projections in the hole Bloch functions,













ucα|e · pˆ|a±u˜v3/2,±1/2 + b±u˜v3/2,∓3/2〉
= Ka±〈ucα|e · pˆ|u˜v3/2,±1/2〉+Kb±〈ucα|e · pˆ|u˜v3/2,∓3/2〉. (2.60)
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Figure 2.9: (a) Energy of the exciton states as a function of the radius of
the quantum rod. The levels are labelled by Fz , the z-projection of the total
angular momentum of the exciton. The solid black (grey) line is the Fz = 0U
(±1) exciton, which both are bright states. The dashed black line is the
Fz = 0L exciton, which is dark. (b) Energy of the exciton states in a magnetic
ﬁeld. The solid, dashed and dotted lines show the energy levels for NQRs with
a radius of 18 A˚ with their c-axis at 0◦, 45◦ and 90◦ respectively.

















Substituting a± and b± from equation (2.50) and using a+ = a− we now calcu-











and Kb± = 0, due to e
±i2φ-term in b±.
For sake of convenience, we deﬁne a general exciton wavefunction, which is
a linear combination of the four excitons states (2.53), as
Ψ = AΨ↑,+1/2 +BΨ↓,+1/2 +CΨ↑,−1/2 +DΨ↓,−1/2 (2.63)
and calculate its transition probability, which is given by the square of (2.60),
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and we use (2.28)-(2.31) to obtain
PΨ(σ±) =























where P = 〈S|px|X〉 is the Kane interband matrix element and a star ()
denotes complex conjugation.








depend on the sine or cosine of ϕ and therefore these terms will vanish once we
integrate over the solid angle dΩ. We rewrite the quadratic terms of 
±i into
terms of θ, the angle between the NQR c-axis and the light propagation vector





|KaA|2 (1± cos(θ))2 + |KaD|2 (1∓ cos(θ))2
+4 |Ka (C − iB)|2 sin2(θ)
)
, (2.65)
where we have omitted the cross-terms because of arguments mentioned earlier.
The transition probability of each exciton state can now easily be obtained















(1∓ cos(θ))2 . (2.66)
We see that the Fz = 0L exciton is dark and that the emission from the Fz = 0U
exciton is unpolarised. The emission from the Fz = ±1 excitons is polarised, al-
though the degree of polarisation depends strongly on the orientation of NQR’s
c-axis.
2.4.3 Excitons in a magnetic ﬁeld
The description of the interaction of excitons with a magnetic ﬁeld in NQRs is
similar in many ways to the description used for NQDs. The major diﬀerence in
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these descriptions is that for NQRs we need to distinguish transverse and longi-
tudinal g-factors for electrons and holes, denoted by g⊥e,h and g
‖
e,h respectively.



















where H± = Hx ± iHy and Hz are the components of the magnetic ﬁeld and
M± = Mx ± iMy and Mz are the components of the total angular momentum
of the holes, Mˆi = Jˆi + lˆi, with lˆi representing the components of the orbital
momentum.
On the basis of the exciton wavefunctions of equation 2.53 the matrix form
of VˆH is given by
(↑,+12 ) (↓,+12 ) (↑,−12 ) (↓,−12 )
(↑,+12 ) 12Hz(g
‖
e − g‖h) 12g⊥e H− −ig⊥h H−λ 0




h) 0 −ig⊥h H−λ













which should be multiplied by μB, the Bohr magneton.
The eﬀects of a magnetic ﬁeld on the exciton ﬁne structure in NQRs is
similar to that in NQDs, see ﬁgure 2.9b. The degeneracy of the bright F = ±1
excitons is lifted and the original bright and dark exciton states are mixed.
Both eﬀects depend on the angle between the NQR c-axis and the magnetic
ﬁeld. As in the case of NQDs, the Zeeman splitting of the bright states decreases
when increasing this angle and the mixing increases. Additionally, due to the
anisotropic g-factors, there is also a shift of the energies due to the in-plane
ﬁeld components.
2.5 Quantum rod photoluminescence spectra
To calculate the photoluminescence spectra of NQRs we determine the Eigen-
values and Eigenvectors of the sum of the size-dependent and magnetic ﬁeld
dependent perturbation matrices, equations (2.54) and (2.68) respectively. We
thus obtain the energy and wavefunction for each exciton state, for a given
NQR diameter in a certain magnetic ﬁeld for all angles θ. We select a temper-
ature and use the energies to calculate the level population for the exciton ﬁne
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structure. Next, we use equation (2.65) to calculate the transition probability
for each exciton. Combining these results, we obtain, for a given radius and
magnetic ﬁeld strength, the energy and the emitted intensity for each exciton
as a function of θ, the angle between the c-axis and the magnetic ﬁeld. The
results of this calculation for NQRs with a radius of 18 A˚ at 25T and 4.2K is
shown in ﬁgure 2.10a for the F = 0L and F = −1 excitons, where we use the




h = −1.09, η = 0.34,
λ = 1.38, aex = 56 A˚ and ωST = 0.13meV.
°°°
Figure 2.10: (a) Calculated spectral proﬁle of the F = 0L and F = −1 ex-
citons in both circular polarisations at B = 25T and 4.2K for NQRs with a
radius of 18 A˚. The arrows indicate the points where θ = 0◦ and 90◦ for both
levels. (b,c) The intensity weighted average energy and intensity of σ− and
σ+ polarised emission, black and grey line respectively, at 4.2K in magnetic
ﬁelds up to 33T. The inset in (c) shows the evolution of the Degree of Circular
Polarisation (DCP) with magnetic ﬁeld. The dashed line indicates 25T, the
magnetic ﬁeld strength for which the results of the individual levels is shown
in (a).
For the F = 0L state we ﬁnd that, with increasing angle, the energy shifts
to lower values and the intensity in both polarisations increases. Both eﬀects
scale with magnetic ﬁeld, becoming larger at higher ﬁelds. The increase in σ−
intensity is much larger than the increase in σ+, which is due to the fact that
mixing of this level with the σ− polarised F = −1 level is much more eﬃcient
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than mixing with the σ+ polarised F = +1 level. This can easily be understood
in terms of ﬁrst-order perturbation theory, which reveals that mixing is inversely
proportional with the energy diﬀerence between the mixing levels. Due to the
small energy splitting between the F = 0L and the F = −1 level, the latter is
populated even at 4.2K and low magnetic ﬁelds. For higher magnetic ﬁelds
the energy diﬀerence with the F = 0L increases, which depopulates the F = −1
level. With increasing angle the energy of the F = −1 level shifts to higher
energy, and its intensity in σ− polarisation decreases while the intensity in
σ+ increases. As such, the emission of this level becomes less polarised with
increasing angle. Due to in-plane magnetic ﬁeld components, the F = ±1 levels
are split-up even if ﬁeld and NQR c-axis are perpendicular, i.e. if the Zeeman
splitting is zero.
The energy and intensity as measured in a non-resonant PL experiment
are intensity weighted average energies over all contributions of the emitting
levels. Figures 2.10b and c show how these quantities evolve in a magnetic ﬁeld
according to our model. We ﬁnd that, at low ﬁelds the energy and intensity
are determined by the F = ±1 excitons, which are the only populated and
emitting states at 4.2K. As the magnetic ﬁeld strength increases, the dark
F = 0L exciton gains oscillator strength and the overall intensity increases.
Because mixing with the F = −1 exciton is more eﬃcient, the σ− intensity
increases stronger than the σ+ intensity. The average energy position shifts
to lower energy because the F = 0L energy starts to dominate. The ﬁeld at
which the F = 0L emission becomes dominant is temperature dependent. At
higher temperatures the bright exciton levels remain populated over a larger
ﬁeld range and because their oscillator strength is much higher than that of the
mixed dark states, the PL remains dominated by the bright excitons.
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Chapter 3
The origin of dark-exciton
luminescence in colloidal CdSe
quantum dots
Abstract
We determine the low-temperature optical properties of dark-exci-
ton states in CdSe/CdS nanocrystal quantum dots (NQDs). By
using resonant laser excitation we distinguish zero-phonon from
phonon-assisted photoluminescence. The NQDs show a decreasing
zero-phonon intensity with decreasing temperature, resulting in a
red-shift of the non-resonant photoluminescence. This red-shift is
undone by application of a magnetic ﬁeld. Our results show that
dark-exciton luminescence originates from the intricate competition
of phonon-assisted and zero-phonon transitions, the latter of which
are enhanced by unpassivated surface states and by dark-bright ex-
citon mixing due to a magnetic ﬁeld.
This work has been published in:
F.J.P. Wijnen, J.H. Blokland, P.T.K. Chin, P.C.M. Christianen, and J.C. Maan, Phys-
ical Review B accepted for publication (2008)
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3.1 Introduction
Colloidal semiconductor nanocrystal quantum dots (NQDs) have remarkable
optical properties, such as widely-tunable emission wavelengths [1] and high
quantum eﬃciencies at room temperature [2]. Due to these properties and the
relatively easy fabrication method, NQDs are very promising for a broad range
of applications varying from bio-labelling [3, 4], light emitting diodes [5–8] to
optical ampliﬁcation and lasing [9]. Surprisingly, the origin of the NQD optical
transitions at low temperatures is still not clear [10–13], in particular because
the lowest-energy transition is associated with a dark-exciton state, i.e. an
optically forbidden transition [14, 15]. The purpose this work is to clarify the
recombination mechanism of dark-excitons by reporting a detailed photolumi-
nescence (PL) study of CdSe/CdS NQDs as a function of temperature, magnetic
ﬁeld and surface passivation.
Three-dimensional conﬁnement of electrons and holes in semiconductor
NQDs leads to a discrete, atom-like level structure. It is well established that
in wurtzite NQDs the electron-hole exchange interaction and the intrinsic crys-
tal/shape anisotropy lift the spin degeneracy of the exciton levels, leading to
ﬁve distinct states, characterised by their spin projection F along the NQD
c-axis [15, 16]. Evidence for this exciton ﬁne-structure has been given by the
size-dependent Stokes shift from ﬂuorescence line narrowing (FLN) and PL
excitation experiments [15, 17], and the dependence of the radiative lifetime
on temperature [10, 18] and magnetic ﬁelds [14, 19]. To understand the low-
temperature optical properties only the two lowest two-fold degenerate lev-
els are important, which are lower-(higher-)energy exciton levels with F = ±2
(F = ±1L) that are dipole forbidden (allowed). The separation between the
two levels is given by the exchange splitting (Δbd) which depends on NQD
size. For typical values of Δbd of 5-20meV only the lowest |F | = 2 level is
populated at low temperatures (< 10K). The radiative lifetime of this level has
been found to be remarkably short (∼ 1μs) for a dark state [10]. This apparent
brightness has been attributed to phonon-assisted transitions [14], supported
by a red-shift of the PL energy with decreasing temperature when the lower-
energy phonon-replicas gain importance relative to the zero-phonon line [20].
Alternatively, the bright zero-phonon emission has been suggested to be due to
mixing of the dark and bright exciton states, for instance as a result of unpas-
sivated surface sites [11, 21]. Furthermore, it has been shown that a magnetic
ﬁeld mixes the dark- and bright-exciton levels and thereby decreases the radia-
tive lifetime of the zero-phonon line, making its contribution to the total PL
emission larger with respect to the phonon-assisted transitions [14, 15, 19]. A
magnetic ﬁeld is, therefore, a powerful tool to study the interplay between the
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diﬀerent phonon-assisted and zero-phonon lines.
To unravel the origin of the dark-exciton emission of wurtzite NQDs we
performed a detailed PL study, which includes temperature-dependent, reso-
nant and non-resonant PL spectroscopy in high magnetic ﬁelds (B) up to 33T.
Experiments with resonant laser excitation allowed us to determine the relative
importance of zero-phonon and phonon-assisted transitions and connect changes
therein to energy shifts observed in non-resonant experiments. We show that
variation of temperature, magnetic ﬁeld and surface passivation can shift the
subtle balance between these recombination processes in either direction.
3.2 Experiments
The samples were prepared by drop-casting a solution of core/shell CdSe/CdS
NQDs in toluene on fused-silica. The NQDs, see ﬁgure 3.1, were prepared
following a standard procedure described elsewhere [22]. The CdSe core has
a radius of 17.8 A˚ and is either uncoated (QD0) or it is coated by a single
(QD1) or triple (QD2) monolayer (ML) shell of CdS. The NQDs were capped
with tri-n-octylphosphine (TOP), tri-n-octylphosphine oxide (TOPO) and hex-
adecylamine (HDA). The samples were mounted in Faraday geometry inside a
liquid helium bath-cryostat in a 33T Bitter-type electromagnet and cooled to
1.2 − 4.2K. We measured PL of both types of NQDs using both non-resonant
and resonant laser excitation.
  
Figure 3.1: A Transmission Electron Microscope (TEM) image of the NQDs
used in these experiments. Analysis revealed that the NQDs have a radius of
17.8 A˚.
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3.2.1 Non-resonant photoluminescence
In the non-resonant PL experiments circularly polarised luminescence was col-
lected by a lens, which was also used to deliver the excitation laser light (@
2.7 eV). The PL was spectrally resolved by a 300mm long spectrograph with a
600 grooves/mm grating and recorded with a back-illuminated, liquid nitrogen
cooled CCD camera in 30 second exposures. For the QD1 experiments both
circular polarisations were obtained simultaneously by inserting a polarising
beam-splitter in the detection path [23, 24]. The two circular polarisations of
the QD2 PL were recorded in two consecutive sweeps with opposite current
directions through the magnet.
The NQDs show asymmetric PL spectra with a full-width-half-maximum
of 85meV. The spectrum was ﬁtted by a single Gaussian to obtain the peak
energy. Figure 3.2 shows the peak energy (a,c,e,g), integrated intensity (b,d,f,h)
and the Degree of Circular Polarisation (DCP = (Iσ−−Iσ+)/(Iσ−+Iσ+), i,j) as
function of magnetic ﬁeld at 1.2 and 4.2K. For both dot samples we recognise
the following trends: at B = 0 the PL energy is lower at 1.2K than at 4.2K,
namely ∼4meV for QD1 (Fig. 3.2a,c) and ∼2meV for QD0 (not shown) and
QD2 (Fig. 3.2e,g). This red-shift at 1.2K is undone by a magnetic ﬁeld of ∼10T
(Fig. 3.2a,e). With increasing B the PL becomes circularly polarised, where
the σ− emission shifts to higher energy with increasing intensity and the σ+
emission shifts to lower energy with decreasing intensity. The corresponding
DCP equals 0.5-0.6 at B = 33T, and only slightly depends on temperature
(Fig. 3.2i,j) [19, 25]. Remarkably, we measure the highest intensity at the
highest energy for both temperatures, similar to an earlier report [19]. Finally,
for all samples the total normalised PL intensity only marginally increases with
magnetic ﬁeld from 2 (B = 0) to 2.4 at B = 33T.
3.2.2 Resonant photoluminescence
To determine the contributions of diﬀerent recombination mechanisms, PL was
measured under resonant excitation (ﬂuorescence line narrowing (FLN)) [14].
The sample was mounted on a ﬁbre coupled probe, similar to that used by
Furis et al. [24], and resonantly excited by a tuneable dye-laser using circularly
polarised light. Excitation and detection occurred under crossed polarisation to
minimise scattered laser light. Spectra were recorded in 60 second exposures on
a liquid nitrogen cooled CCD camera, mounted on a 640mm long spectrograph
with a 1200 grooves/mm grating.
Typical FLN spectra are shown in ﬁgure 3.3a and can be roughly understood
in terms of the exciton level scheme in ﬁgure 3.3c. Excitons are excited by
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Figure 3.2: Top panel: peak energy (left) and integrated intensity (right) of
the non-resonant photoluminescence of two types of quantum dots at diﬀerent
temperatures. The integrated PL intensities are normalised to their values
at zero ﬁeld. The squares (triangles) correspond to σ−(σ+) polarised energies
and intensities. Bottom panel: Degree of Circular Polarisation (DCP) for both
dots. The squares (triangles) correspond to 1.2 (4.2)K.
F = ±2 excitons, i.e. the zero-phonon line (ZPL) 6meV below the laser energy,
and several phonon replicas (1PL, 2PL), superimposed on a small non-resonant
PL background. The energy positions and intensities of all resolved peaks were
obtained by ﬁtting a Lorentzian laser line and Gaussian peaks for the ZPL,
1PL and 2PL, and the non-resonant background. Figure 3.3b shows the ZPL
and 1PL intensities as a function of temperature, relative to the ZPL intensity
at 4.2K (QD2 sample). The ZPL intensity steadily decreases with decreasing
temperature, whereas the 1PL intensity slightly increases [20], a trend that is
also directly visible in the FLN spectra (Fig. 3.3a).
43























T = 1.2 K
T = 4.2 K
a)




























Figure 3.3: (a) FLN spectra of QD2 at 4.2 (black line) and 1.2K (grey line)
that show the dark F = ±2 exciton (ZPL) emission and two phonon replicas
(1PL, 2PL). (b) Temperature dependence of the ZPL (black squares) and 1PL
(grey triangles) intensity relative to the ZPL intensity at 4.2K. (c) Schematic
representation of the lowest excitonic states and three possible recombination
processes explained in the text. The dark state F = ±2 and bright F = ±1L
exciton are separated in energy by Δbd, ωLO is the LO phonon energy. Zee-
man splitting due to a magnetic ﬁeld has been omitted for clarity. (d) The
temperature dependence of the intensity weighted average energy of the ZPL
and 1PL.
Figure 3.4a shows the evolution of the FLN spectrum with increasing mag-
netic ﬁeld at 1.2K, using σ+ polarised excitation and detecting σ− polarised
PL. The ZPL shifts to lower energy due to the Zeeman splitting and becomes
more intense with ﬁeld. At high ﬁelds (> 15T) an additional peak appears be-
tween the laser and the ZPL. This peak has been reported previously [24] and
is due to resonant σ+ polarised excitation into the +1L state and subsequent
σ− polarised emission of −1L excitons after a spin-ﬂip process. The measured
splitting increases linearly with magnetic ﬁeld and is related to the Zeeman
splitting of the F = ±1L levels. The observation of this line is further evidence
for the exciton ﬁne-structure model [24].
Figure 3.4b plots the ﬁtted ZPL and 1PL intensities as a function of B. The
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ZPL intensity increases considerably, in particular at 1.2K where a threefold
enhancement is observed. In contrast, the intensity of the phonon replica is
almost constant (open diamonds).
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Figure 3.4: (a) FLN spectra of QD2 with increasing magnetic ﬁeld at 1.2K
with σ+ polarised excitation and σ− detection. (b) The intensity of the ZPL
emission at 1.2 (squares) and 4.2K (triangles), and the 1PL intensity at 4.2K
(open diamonds) as a function of magnetic ﬁeld. (c) The intensity weighted
average energy position as a function of magnetic ﬁeld at 1.2K (4.2K), squares
(triangles).
3.3 Discussion
3.3.1 Exciton recombination channels
To describe the data we consider the diﬀerent recombination channels of neutral
excitons that are schematically shown in ﬁgure 3.3c, taking into account bright
F = ±1L and dark F = ±2 levels. Note that for sake of clarity the Zeeman split-
tings of the exciton lines have been omitted in this ﬁgure. Given the measured
exchange splitting Δbd of ∼6meV, the F = ±1L levels are not populated at the
low temperatures used here. Therefore, we only need to include recombination
from the F = ±2 levels, where we distinguish three recombination processes:
surface state assisted transitions [11], phonon-assisted transitions [13, 14] and
direct, zero-phonon transitions. The optical phonon-assisted 1PL lies typically
ωLO = 25-26meV below the F = ±2 level (Fig. 3.3a) [17], and is charac-
terised by the recombination lifetime τphonon. Direct recombination of the dark
excitons can only occur through mixing with the bright excitons, either due
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to a magnetic ﬁeld (τﬁeld) [14, 15, 19, 25], or due to unpassivated surface states
(τsurface) [11]. Clearly, this schematic model ignores recombination of charged
excitons or biexcitons, as well as the chemical details of the actual states at
the NQD surface, that might lead to modiﬁcations of the exciton ﬁne-structure
and the optical recombination [11, 21]. Within the experimental resolution of
our FLN experiment we did, however, not ﬁnd any deviations from this simple
level scheme.
3.3.2 Temperature dependence
The actual dark-exciton recombination is governed by the competition between
the diﬀerent transitions, depending on temperature, magnetic ﬁeld and surface
passivation. Let us ﬁrst consider the temperature dependence of the NQD emis-
sion. In the FLN experiment we observed a reduced ZPL emission with decreas-
ing temperature, whereas the intensity of the phonon replicas only marginally
increases (Fig. 3.3b). Such a redistribution amongst the ZPL and 1PL lines
has been observed before [20], and is responsible for the temperature depen-
dence of the non-resonant PL. The non-resonant spectrum is the averaged PL
emission of an ensemble of NQDs with slightly diﬀerent sizes. For typical size
variations of about 5% the ensemble PL linewidth is larger than the LO phonon
energy, which implies that the non-resonant PL spectrum is an average of non-
phonon and phonon-assisted lines. We simulate this average PL by combining
the extracted energies and intensities of the ZPL and 1PL emission in the FLN
spectra (Fig. 3.3b) to calculate the intensity weighted average energy position
(Fig. 3.3d). We ﬁnd a shift of approximately 2meV towards lower energy, from
2082meV at 4.2K to 2080meV at 1.2K, which matches remarkably well with
the observed red-shift of the non-resonant PL line of QD2 upon cooling (Fig.
3.2e,g). This observation indicates that the red-shift is related to a decreasing
ZPL intensity compared to the phonon replica at lower energy.
The size of the red-shift, i.e. the ratio between ZPL and 1PL emission, is
sample dependent (4meV for QD1 and 2meV for QD0 and QD2), which is
most probably due to the diﬀerent surface passivation of the diﬀerent NQD
samples caused by the diﬀerence in shell thickness. Overcoating the NQD
core with an inorganic shell improves surface passivation, which increases the
quantum yield (QY) that reveals an optimum at shell thicknesses of 1-2ML
[26,27]. Improved surface passivation would lead to a diminished ZPL emission
originating from unpassivated surface states (τsurface becomes longer). Changing
the shell thickness thus changes the relative importance of the ZPL and phonon
assisted emission, leading to a sample dependent red-shift upon cooling, which
also explains the wide range of values, up to 13meV [10], reported in literature.
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3.3.3 Magnetic ﬁeld dependence
The competition between zero-phonon and phonon-assisted recombination is
further supported by the results in high magnetic ﬁelds. A magnetic ﬁeld has
several eﬀects on the exciton levels. First, the ﬁeld causes the mixing of dark
with bright excitons [14,15]. Due to the short recombination time of the bright
excitons (∼10 ns) this mixing is very eﬃcient to enhance the ZPL line compared
to the phonon replica (Fig. 3.4b,c) [14,24]. Calculating the intensity weighted
average energy position of the ZPL and 1PL (see Fig. 3.4c), we ﬁnd that at
1.2K, the average energy shifts 2meV upwards from 2110 (0T) to 2112meV
at 10T. This behaviour matches very well with the observed shifts in the non-
resonant PL experiment (compare with Fig. 3.2e,g): the red-shift upon cooling
is cancelled by application of a magnetic ﬁeld of 10T.
The second important eﬀect of a magnetic ﬁeld is the Zeeman splitting of
the exciton levels, which is visible in the FLN data as an increasing separation
between the laser line and the F = −2 and F = −1L emission with growing
ﬁeld (Fig. 3.4a). Furthermore, as a result of the Zeeman eﬀect we observed
an energy separation of ∼1meV at B = 33T, between the σ− and σ+ polari-
sations, and a profound DCP (Fig. 3.2i,j). We use the exciton ﬁne structure
model, introduced in chapter 2, to explain the results of the non-resonant PL
spectroscopy. We consider a sample with randomly oriented NQDs at a certain
temperature and calculate the magnetic ﬁeld dependence of the exciton ener-
gies and oscillator strengths. Chapter 2 explains that the measured PL energy
is an intensity weighted average energy of all populated states in the sample,
which has dramatic eﬀects on the measured PL, see ﬁgure 2.8a. The results of
the calculations are shown in ﬁgure 3.5, for NQDs at temperatures between 1.2
and 20K, using a dot radius of 17 A˚.
These calculations reveal that at the lowest temperatures only the lowest,
dark, exciton state is populated and the PL energy is determined solely by
this state, see ﬁgures 3.5a and c. As the magnetic ﬁeld increases, these dark
states mix with the bright exciton states, gaining oscillator strength. This is
shown in 3.5b and d: the PL intensity steadily increases from 0 with magnetic
ﬁeld. At higher temperatures, i.e. above 10K, the bright exciton states will
be populated. As such the zero-ﬁeld PL peak energy will be determined by
these levels and the intensity will be non-zero, see ﬁgure 3.5e and f. The eﬀects
of a magnetic ﬁeld are two-fold; it will depopulate the bright exciton level,
since the bright-dark splitting will increase due to the Zeeman shift. Secondly,
due to mixing the oscillator strength of the dark exciton state will increase.
This depopulation, combined with the increasing oscillator strength of the dark
states, due to mixing, will shift the PL peak energy to the level of the dark
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excitons. The exact magnetic ﬁeld required to completely shift from the bright





































































d)T = 4.2 K
 
 





















T = 20 K















Figure 3.5: Calculated non-resonant PL peak energy (a,c,e) and normalised
intensity (b,d,f) for NQDs with a radius of 17 A˚ in magnetic ﬁelds up to 33T
at 1.2K (a,b), 4.2K (c,d) and 20K (e,f). The black (grey) line are the results
for σ− (σ+) polarised emission. Insets: The evolution of the Degree of Circular
Polarisation (DCP) with magnetic ﬁeld.
A comparison of ﬁgures 3.2 and 3.5 quickly reveals that this model is unable
to explain the data. The magnetic ﬁeld dependence of the DCP appears to be
described well within the exciton ﬁne-structure model, a fact that was repeat-
edly used to validate this model [19,25]. However, with the parameters used to
ﬁt the DCP, the model fails to describe three other characteristic features: i)
the peculiar polarisation of the PL emission, i.e. that the highest energy has the
highest intensity, ii) the actual value of the observed energy splitting (Fig. 3.2)
and iii) the non-zero intensity of the low-temperature PL. As a consequence, we
conclude that the exciton ﬁne-structure model cannot fully describe the high
ﬁeld PL data, and that a complete description of the dark-exciton emission




A complete theory for dark-exciton recombination that is capable of explain-
ing all experimental observations is still lacking. Therefore, we propose the
schematic dark-exciton recombination scheme of ﬁgure 3.3c, which combines
ingredients from several diﬀerent theoretical descriptions. The starting point
is an exciton ﬁne-structure, in which bright- and dark-exciton levels are split
due to exchange interactions. This ﬁne-structure has been calculated by either
an eﬀective mass approximation model [15] or atomistic pseudo-potential cal-
culations [11]. To explain the ﬁnite lifetime of the dark-exciton ground state,
mixing of bright- and dark-excitons is needed, for instance due to unpassivated
surface states [11]. This lifetime, however, is still very long (∼ μs) and therefore
phonon-assisted transitions should also be taken into account [13, 17, 20]. The
competition between these direct and phonon-assisted transitions explains the
red-shift of the dark-exciton emission upon cooling from 4.2 to 1.2K and the
cancellation of this red-shift by a magnetic ﬁeld. This magnetic ﬁeld eﬀect is
due to the mixing of the dark- and bright-exciton states, as described by the
eﬀective mass model [15]. Although this model describes the enhancement of
the ZPL intensity in a magnetic ﬁeld, it fails to explain the observed splitting of
σ− and σ+ polarised PL, and the peculiar PL polarisation. This conﬁrms the
crucial role of phonon-assisted and surface state-assisted recombination chan-
nels.
3.4 Conclusions
We have found that the low-temperature dark-exciton emission of CdSe/CdS
NQDs is determined by the competition between phonon-assisted and zero-
phonon recombination. The relative importance of the diﬀerent recombination
processes depends strongly on internal factors, such as shell thickness and sur-
face passivation, and on external factors, such as temperature and a magnetic
ﬁeld. Our results prove that any model that attempts to fully describe the opti-
cal properties of CdSe NQDs should include, besides the exciton ﬁne-structure,
also phonon-assisted and surface-state assisted recombination.
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Unravelling the eﬀects of
shape on the optical
properties of nanocrystals
Abstract
The optical properties of cadmium-selenide nanocrystal quantum
rods are investigated by detailed photoluminescence experiments
at low temperatures and high magnetic ﬁelds. By comparing the
results of quantum rods and dots, we determine the relation between
crystal shape and optical properties. Resonant photoluminescence
experiments conﬁrm a comparable exciton ﬁne structure for rods
and dots. The non-resonant photoluminescence behaviour, however,
is strikingly diﬀerent for rods, which suggests that recombination of
the excitons levels strongly depends on crystal shape. We have also
found evidence of a transition of the exciton symmetry from 1D to
0D, induced by a magnetic ﬁeld of 10T, when the magnetic length
becomes comparable to the length of the nanocrystal.
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4.1 Introduction
In the past decade colloidal nanocrystal quantum dots (NQDs) have received
much interest, which has greatly improved the level of control over their synthe-
sis. At present it is possible to tune the size and shape of the crystals, leading to
the fabrication of rods and even more exotic shapes such as tetrapods, ribbons
and drops [1–5]. The optical properties of these nanocrystals are believed to de-
pend strongly on both crystal size and shape [6–8], which is very promising for
novel applications, provided that the structure-properties relation is well under-
stood. In this chapter we investigate this relationship by comparing the optical
response of nanocrystal quantum rods (NQRs) and dots (NQDs), through a
detailed resonant and non-resonant photoluminescence (PL) study.
The exciton ﬁne structure of non-spherically shaped nanocrystals has not
yet been studied in great detail, in contrast to that of spherical nanocrystals (see
the previous chapter). In particular, till now there are no reports on magneto-
PL studies of NQRs, either resonant or non-resonant. The few reported studies
on NQRs revealed that the shape dependence of the optical properties originate
from the changes in valence band structure [6–8]. For long rods, the light hole
band has a lower energy than the heavy hole band, resulting in an exciton
ﬁne structure that is determined by light hole levels only, consisting of only
four states. Although these modiﬁcations do not alter the dark nature of the
ground state exciton, the energy splitting with the ﬁrst bright state (Δbd), is
expected to be much smaller in NQRs (1-2meV) than in NQDs (∼ 10meV). At
low temperatures the size of the energy splitting allows the distinction between
quasi-bright (small Δbd) and dark (large Δbd) nanocrystals (NCs). Recently,
it has been shown that NCs with a radius smaller than 9nm are quasi-bright
if the aspect ratio is larger than ∼ 1.3 [8]. If the radius exceeds 9 nm, the NCs
are dark regardless of the aspect ratio.
We present the results of a detailed, resonant and non-resonant PL study
on NQRs and we compare their optical properties with those of NQDs. The
temperature and magnetic ﬁeld dependent ﬂuorescence line narrowing (FLN)
results are very similar for both NCs, conﬁrming the exciton ﬁne structure
model for NQRs. The non-resonant magneto-PL, however, is surprisingly dif-
ferent for NQRs compared to NQDs. These results suggest that the optical
recombination of the exciton levels at higher energies strongly depends on NC
shape. Finally, we ﬁnd evidence for a magnetic ﬁeld induced transition in the
exciton symmetry of NQRs, which changes from 1D to 0D at 10T when the
magnetic length becomes comparable to the crystal length.
54
4.2 Characterisation of Quantum Rods
4.2 Characterisation of Quantum Rods
The synthesis of the NQRs used in this study is described elsewhere [9]. The
CdSe NQRs are capped with tri-n-octylphosphine oxide (TOPO) and hexade-
cylamine (HDA) to passivate the surface, which increases the quantum yield
and provides solubility. An initial characterisation was done using transmission
electron microscopy (TEM, ﬁgure 4.1a).
Figure 4.1: (a) TEM image of CdSe colloidal nanocrystal quantum rods
(Image recorded by P.T.K. Chin at the Eindhoven University of Technology).
Analysis of the length (b) and radius (d) of some 128 NQRs shown in ﬁgure
(a), reveals that the mean length (radius) of the particles is 10.7 nm (1.85 nm).
(c) Non-resonant PL spectra of NQRs (black line) and NQDs (grey line).
From the TEM image we extracted length and radius of some 128 NQRs to
characterise their dimensions (ﬁgures 4.1b and d). The bin-size in the length
histogram is 0.5 nm, which corresponds to 3 pixels in the image. The radius
histogram has a bin-size of 0.15 nm, corresponding to 1 pixel in the image.
Both histograms have been ﬁtted by a Gaussian to obtain a mean length of
10.7 nm and a mean radius of 1.85 nm, with a size distribution of 36% in length
and 28% in radius, determined from the widths of the Gaussians. From these
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dimensions we obtain a mean aspect ratio, deﬁned as the ratio of length and
diameter, of 2.9. Note that the mean radius of the NQRs is comparable to
that of the NQDs discussed in the previous chapter, which allows us to directly
compare the results for rods and dots.
Samples were prepared by drop-casting from a solution of these NQRs in
toluene on fused-silica or GaAs and were mounted on the lens insert described
in the previous chapter and cooled to 4.2K to measure the non-resonant PL.
Figure 4.1c shows the resulting spectrum together with that of QD2, described
in the previous chapter. The NQR and NQD spectra have a comparable low
energy tail. The peak energy of the NQR (2121meV) is however blue shifted
over 35meV compared to the NQD (2086meV) because it is much broader, ex-
hibiting a full-width-half-maximum (FWHM) of 114meV, which is much larger
than the 74meV of the NQD.
4.3 Low temperature FLN spectroscopy
The sample was mounted on a ﬁbre coupled probe, schematically shown in
ﬁgure 4.2a, in which excitation light from a tuneable dye-laser, delivered and
polarised by the excitation ﬁbre (EF) and a circular polariser (CP), is focussed
on the sample (S) by a lens (L). Luminescence of the sample is then collected
by a mirror (CM), guided through a second circular polariser and focussed into
the detection ﬁbre (DF). The probe was mounted in a bath cryostat on a 33T
magnet. The resonant PL, or ﬂuorescence line narrowing (FLN), of the NQRs
was recorded on a liquid nitrogen cooled CCD camera, mounted on a 64 cm
spectrograph with a 1200 grooves/mm grating.
Figure 4.2b shows the FLN spectra of a NQR (black line) and a NQD
sample (grey line) at 1.2 K. Both spectra have the same proﬁle, which can
be understood from the exciton ﬁne structure in ﬁgure 4.2e, revealing bright
(F = ±1) and dark (F = 0L,±2) excitons [10,11]. The Lorentzian shaped laser
line in ﬁgure 4.2b, is in resonance with a bright exciton level. At lower energy we
resolve the zero phonon line (ZPL) of a dark exciton and its ﬁrst two, Gaussian
shaped, phonon replicas, labelled 1PL and 2PL. The ZPL is Lorentzian shaped
in the NQR spectrum, and Gaussian for the NQD sample. All these peaks are
resolved on a broad, Gaussian, non-resonant PL background.
The spectra are analysed by ﬁtting each peak to its appropriate proﬁle.
Figure 4.2c shows the variation of the peak energy of the ZPL, 1PL and 2PL
with the excitation energy, i.e. on the energy of the ﬁrst bright state, at 1.2K.
The symbols (lines) represent the NQD (NQR) data. Figure 4.2d shows the
dependence of the bright-dark exciton energy splitting (Δbd), measured between
56
4.3 Low temperature FLN spectroscopy
laser and ZPL energies, on the excitation energy, or nanocrystal size. The data
reveal that the bright-dark splitting is nearly constant (∼ 4meV) in NQRs,




















Figure 4.2: (a) Schematic view of the ﬁbre coupled probe used in the FLN
experiments. (b) FLN Spectra of NQRs and NQDs at 1.2K, black and grey
lines respectively. (c) Energy of the ZPL and its resolved phonon replicas as
function of the excitation energy for NQRs (lines) and NQDs (symbols). (d)
The bright-dark energy splitting, which is the energy diﬀerence between the
laser energy and the ZPL energy, has a diﬀerent excitation energy dependence
for NQRs (closed squares) and NQDs (open squares). (e) Schematic represen-
tation of the exciton ﬁne structure in NQRs and NQDs. Dashed (solid) lines
represent dark (bright) states and the arrows indicate the bright-dark energy
splitting.
57
4 Unravelling the eﬀects of shape on the optical properties of nanocrystals
Figure 4.3 shows the temperature dependence of the NQR FLN spectra.
Quantum rod FLN spectra at 4.2 (black line) and 1.2K (grey line) are shown
in ﬁgure 4.3a. The normalised intensities, obtained from the ﬁts, of the ZPL
and its replicas are shown in ﬁgure 4.3b, which reveals that the ZPL inten-
sity decreases with temperature, whereas the intensity of the phonon replicas
remains constant. This behaviour is similar to that of NQDs, as discussed in
chapter 3.
Figure 4.3: (a) FLN spectra of CdSe NQRs at 4.2 and 1.2K consist of a
Lorentzian shaped laser line and a ZPL with its two Gaussian shaped phonon
replicas. (b) Temperature dependence of the normalised intensity of the ZPL,
1PL and 2PL shows that the ZPL intensity decreases with temperature.
4.4 Magneto-PL spectroscopy
4.4.1 Non-resonant photoluminescence
To further investigate the nature and properties of the NQR exciton structure,
we employ magnetic ﬁeld dependent PL and FLN spectroscopy. In the non-
resonant PL measurements, the circularly polarised PL of the NQR sample was
collected by a lens (f = 10mm), which was also used to deliver the excitation
laser light (@ 2.7 eV). The polarisation of the PL was analysed by a quarter
wavelength plate and a polarising beamsplitter (Wollaston), which allowed the
simultaneous recording of both circular polarisations. This technique was used
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Figure 4.4: (a-d) Extracted peak energy (a,c) and intensity (b,d) of the
NQR PL at 1.2 and 4.2K, as a function of magnetic ﬁeld. Squares and trian-
gles correspond to σ− and σ+ polarised data, respectively. (e) Energy split-
ting (ΔE = Eσ− − Eσ+) of the σ− and σ+ polarised peaks in NQRs at 4.2
and 1.2K, squares and up-triangles respectively, and in NQDs, diamonds and
down-triangles respectively. (f) Evolution of the Degree of Circular Polarisa-
tion (DCP) in NQRs and NQDs (QD1 of chapter 3) with magnetic ﬁeld at 4.2
and 1.2K, using the same symbols as in (e).
From the recorded spectra we extracted the peak energy and intensity at
1.2 and 4.2K (ﬁgures 4.4a-d). We ﬁnd that with increasing magnetic ﬁeld,
the σ−(σ+) polarised peak shifts to higher (lower) energy up to a certain ﬁeld
strength. For higher magnetic ﬁelds, above 8 (10) T at 1.2 (4.2) K, we ﬁnd
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that the σ− polarised peak energy shifts down again, whereas the σ+ polarised
peak energy remains nearly constant. The normalised PL intensity of the σ−
polarised peak decreases up to around 15T, where it seems to level oﬀ. The
σ+ polarised PL intensity decreases at low ﬁelds, but at higher ﬁelds it steadily
increases.
The behaviour of the NQR emission in magnetic ﬁelds is strikingly diﬀerent
from that of NQDs, which is illustrated in ﬁgures 4.4e and f. The energy
splitting ΔE between the σ− and σ+ polarised PL peaks increases up to 10meV
at 10T, after which it decreases. This ﬁnding is in marked contrast to the
very small splitting found for NQDs (ﬁgure 4.4e). Surprisingly, the Degree of
Circular Polarisation DCP = (Iσ− − Iσ+)/(Iσ− + Iσ+) of NQRs is comparable
in amplitude, but opposite in sign, to the DCP of NQDs (ﬁgure 4.4f).
4.4.2 Resonant photoluminescence
Figure 4.5a shows the evolution of the FLN spectra in magnetic ﬁelds at 1.2K,
using σ+ polarised excitation and σ− detection. With increasing magnetic ﬁeld
strength, the ZPL peak and its replicas shift to lower energy. Above magnetic
ﬁelds of 10T a distinct shoulder can be resolved on the high energy side of the
ZPL. This shoulder is associated with a spin-ﬂip transition of the F = +1 to
the F = −1 bright exciton, which has also been observed in FLN measurements
of NQDs (chapter 3) [12].
Figures 4.5b-c show the evolution of the peak intensities of all resolved lines
with magnetic ﬁeld at 1.2K. The intensities have been normalised to the zero
ﬁeld ZPL intensity, to reveal the relative changes in intensity of these lines. We
ﬁnd that in the σ+/σ− excitation/detection scheme the ZPL intensity increases,
while the intensity of the phonon replicas remains nearly constant. Whereas in
the σ−/σ+ scheme the intensity of all lines decreases till 8T, to remain constant
beyond. Similar behaviour, albeit less pronounced, has been observed at 4.2K
where slopes change around 10T (not shown), but was never seen for NQDs,
which reveal a steady decrease of the intensity of all lines (not shown).
To further compare the ﬁne structure of NQRs and NQDs, ﬁgure 4.6a shows
the FLN spectra of NQRs (black line) and NQDs (grey line) in the σ+/σ−
scheme at 33T and 1.2K. In both cases three distinct peaks are resolved, which
we label 1, 2 and 3 from high to low energy. In the σ−/σ+ scheme we observe
only two peaks (not shown), which we label 1’ and 3’ because they appear at
similar energy positions as peaks 1 and 3 in the σ+/σ− scheme. We use the
predicted polarisation of the exciton ﬁne structure of NQDs (ﬁgure 4.6b) and
NQRs (ﬁgure 4.6c) in a magnetic ﬁeld, to identify the observed peaks.
































































Figure 4.5: (a) FLN spectra of NQRs at 1.2K for diﬀerent magnetic ﬁelds
between 0 and 33T using the σ+/σ− scheme. (b,c) Normalised FLN intensity
as a function of magnetic ﬁeld at 1.2K for the ZPL, 1PL and 2PL in both
polarisation schemes.
level and emission of the −1(−1L) exciton in NQRs (NQDs). The energy diﬀer-
ence between lines 1 and 2 thus measures the spin splitting Δss. This spin-ﬂip
transition can only be observed in the σ+/σ− scheme, which explains the ab-
sence of peak 2’ in the σ−/σ+ scheme.
We also ﬁnd a ﬁnite energy diﬀerence Δ± between the σ+ and σ− emis-
sion of the lowest, dark exciton levels (peaks 3 and 3’). This energy diﬀerence
is obtained by measuring the energy diﬀerence between the bright (peaks 1
and 1’) and dark (peaks 3 and 3’) exciton levels in both polarisation conﬁg-
urations. In σ+/σ− polarisation, we measure Δ1 as the energy diﬀerence be-
tween peak 1 (F = +1L) and peak 3 (F = −2/F = 0L). Similarly, in σ−/σ+ we
measure Δ2 as the energy diﬀerence between peak 1’ (F = −1L) and peak 3’
(F = +2/F = 0L). Therefore Δ± = Δ1−Δ2−Δss. Note that at zero magnetic
ﬁeld Δ1 = Δ2 = Δbd.
Figure 4.7a shows the spin splitting energy Δss as function of magnetic ﬁeld,
for ﬁelds above 14T when the spin-ﬂip transition was observed. The obtained
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Figure 4.6: (a) FLN spectra of the NQR (black line) and NQD sample (grey
line) at 33T and 1.2K, using the σ+/σ− scheme. (b) Lowest exciton levels in
NQDs in magnetic ﬁelds. The bright F = ±1L and dark F = ±2 exciton levels
are Zeeman splitted. The σ+ polarised excitation (peak 1) is in resonance with
the F = +1L exciton. σ− Luminescence is emitted by the F = −1L (peak 2)
and the F = ±2 (peak 3) excitons, shifted to lower energy by Δss and Δ1. (c)
Similar scheme for the exciton levels in NQRs, however here the lowest exciton
is the non-degenerate F = 0L state.
Δss is very similar for NQRs and NQDs, which is consistent with the level
schemes in ﬁgure 4.6b and c. In both cases excitation and emission occurs in
and from the bright excitons, although the origin of the level is diﬀerent for
dots (F = ±1L, heavy hole excitons) and rods (F = ±1, light hole excitons).
The evolution of Δ1 with magnetic ﬁeld is shown in ﬁgure 4.7c. We ﬁnd that
Δ1 evolves comparably in NQRs and NQDs for ﬁelds above 10T, in contrast
to the diﬀerent values for ﬁelds below 10T. Figure 4.7b shows the evolution
of Δ±, obtained from the experimental values of Δss (ﬁgure 4.7a), Δ1 (ﬁgure
4.7c) and Δ2 (not shown). Because Δss could not be measured below 14T,
Δ± is only plotted for higher ﬁelds. The dashed lines are obtained by a linear
interpolation of Δss from 0 to its value at 14T and serve to guide the eye. Figure
4.7d shows the dependence of Δ1 on the excitation energy at 20T and 4.2K.
The arrow indicates the excitation energy used in the magnetic ﬁeld dependent
measurements.
4.5 Discussion
4.5.1 Exciton ﬁne structure model
A model to describe the exciton ﬁne structure in NQRs has been developed by
Efros et al. [11, 13] within the framework of the eﬀective mass approximation
and for long rods. Their model, which was discussed in chapter 2, describes
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Figure 4.7: (a) The energy splitting (Δss) between the two bright states
in NQRs (squares) and NQDs (triangles) evolve similarly in high magnetic
ﬁelds. (b) The energy splitting of the ground state (Δ±) in a magnetic ﬁeld.
(c) Bright-Dark energy splitting in the σ+/σ− scheme (Δ1) up to 33T for
NQRs (squares) and NQDs (triangles). (d) Evolution of Δ1 for NQRs and
NQDs at 20T with excitation energy or nanocrystal size. The arrow indicates
the excitation energy used in the magneto-FLN experiments.
four exciton states, labelled by the total angular momentum, as depicted in
ﬁgure 4.2e and partially in ﬁgure 4.6c. The ground state is the optically dark
F = 0L state, which lies 1-2meV below the bright F = ±1 states. The higher
F = 0U state is dipole allowed and lies 3-10meV above the F = ±1 states.
A magnetic ﬁeld leads to a spin-splitting of the F = ±1 states. Furthermore,
depending on the angle between the NC’s c-axis and the magnetic ﬁeld, it mixes
bright and dark excitons, which causes the latter to gain oscillator strength.
This is illustrated in ﬁgures 4.6 and 2.10a (page 36). The F = 0L emits in both
polarisations (σ− and σ+) in a high magnetic ﬁeld. It is important to note that
bright-dark exciton mixing in NQDs implies that both the F = +2 and F = −2
levels also emit in both polarisations, as is indicated in ﬁgure 4.6 and calculated
in chapter 2 (ﬁgure 2.8, page 27).
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Evidence to support the NQR exciton ﬁne structure is found in the reso-
nant PL experiments. The low-temperature FLN spectra (ﬁgure 4.2a) reveal the
characteristic line structure of a dark state, with a ZPL and two phonon replicas,
which appears on the low energy side of the laser, which is in resonance with a
bright state. Furthermore, the behaviour of the measured bright-dark splitting
(Δbd) with excitation energy qualitatively matches well with the model. Quan-
titatively, we ﬁnd that the measured Δbd is larger than the predicted value,
4meV (ﬁgure 4.2d) versus 1-2meV. Finally, the degenerate nature of the bright
exciton state is conﬁrmed by the magneto-FLN spectra, which reveal a spin-ﬂip
transition in the σ+/σ− scheme (ﬁgure 4.6a), similar to NQDs.
The energy splitting between the σ+ and σ− emission of the ground state
(Δ±, ﬁgure 4.7b) in NQRs reveals the same behaviour as in NQDs. This is
a remarkable result considering the proposed diﬀerent ground state properties
of dots and rods (ﬁgure 4.6). Intuitively, one would expect a negligibly small
polarisation splitting for the F = 0L ground state of NQRs, opposed to a ﬁnite
splitting of the the F = ±2 levels in NQDs. However, using the calculations
of chapter 2, we argue that such a diﬀerence cannot be detected by polarised
FLN. Due to the mixing of bright and dark exciton levels, both the F = 0L
and the F = ±2 ground state of NQRs and NQDs, respectively, emit in both
polarisations. The actual splitting Δ± depends therefore on orientational and
size averaging, magnetic ﬁeld, temperature and level population (examples of
calculated Δ±s are shown in ﬁgures 2.8 and 2.10). Exciton mixing thus washes
out the expected diﬀerence in circular polarisation of the ground state emission
of NQRs and NQDs.
In view of these calculations it is striking that we observe a considerable Δ±
with a negative sign. A small (0.4meV) negative Δ± can be expected at 25T
for NQRs (ﬁgure 2.10a), but for NQDs we always ﬁnd small positive splittings
(ﬁgure 2.8a). Note that the exciton ﬁne structure model also failed to reproduce
the observed energy splitting ΔE in non-resonant PL of NQDs (chapter 3).
Possible reasons for the discrepancy between the model and the FLN data could
be the eﬀect of exciton mixing due to surface states (as discussed in chapter
3) and due to a more complicated bright-dark exciton relaxation process, that
most probably involves acoustic phonon scattering [14]. More experimental and
theoretical work is necessary to clarify these issues.
4.5.2 Relation between resonant and non-resonant PL
Comparing the results of the magnetic ﬁeld and temperature dependent reso-




(i) In the FLN experiments we ﬁnd that the σ− intensity of the ZPL increases
(ﬁgure 4.5b) with magnetic ﬁeld, whereas the non-resonant σ− PL intensity de-
creases (ﬁgure 4.4b,d). This opposite behaviour is also seen for the σ+ intensity
of the ZPL, which initially decreases and then stabilises (ﬁgure 4.5c), while the
non-resonant σ+ intensity increases for high ﬁelds.
(ii) In the non-resonant PL we ﬁnd an energy splitting of 10meV at 10T (ﬁgure
4.4e), which cannot be explained by the observed spin-splitting of the bright
exciton state (Δss, ﬁgure 4.7a) or by the value of Δ± (ﬁgure 4.7b).
(iii) For NQRs change in the relative intensity of the ZPL and its phonon repli-
cas, induced either by a decrease in temperature or magnetic ﬁeld, does not
result in a change of the non-resonant PL energy.
Such a change has been observed for NQDs upon decreasing the temperature
from 4.2 to 1.2K (chapter 3), and we have shown that this change in energy is
linked to the intensity weighted average energy of the ZPL and 1PL lines. For
NQDs a 20% decrease in ZPL intensity and a constant 1PL intensity, leads to a
2meV shift of the non-resonant PL. It was also shown that a magnetic ﬁeld can
undo this shift by mixing of the bright and dark exciton states. For NQRs we
observed a 45% drop in intensity of the ZPL (ﬁgure 4.3b), which should result
in a 4meV energy shift. Figures 4.4a and c, however, reveal no shift whatsoever
upon cooling.
These observations indicate that the non-resonant PL is not determined by
the lowest exciton levels that govern the FLN spectra. Most probably, the non-
resonant PL of NQRs is predominantly emitted by higher lying exciton levels.
This is supported by the non-resonant NQR spectrum, which, in comparison
to the NQD spectrum, is blue-shifted and shows strong contributions at higher
energies (ﬁgure 4.1). An NQR with radius r and length L has a lower conﬁne-
ment energy than an NQD with the same radius. In ﬁrst approximation, the
NQR thus should emit at lower energy. The blue-shifted PL of our NQRs thus
indicates a relatively strong contribution of higher lying exciton states. It is
well known that the optical recombination of these state are strongly aﬀected by
multi-exciton [15, 16] and Auger [17] recombination processes. The diﬀerences
between the non-resonant magneto-PL properties of NQRs and NQDs (ﬁgure
4.4e,f) suggest that those processes strongly depend on the shape of the NC.
4.5.3 Transition of the exciton ﬁne structure
Despite the diﬀerences in the magnetic ﬁeld and temperature dependence of the
resonant and non-resonant PL for NQRs, both experiments clearly demonstrate
an abrupt change in PL behaviour around 10T. In the non-resonant PL we ﬁnd
an energy splitting of the circularly polarised emission that, at 1.2K, increases
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to 10meV at 8T and then slowly decreases to 5meV at 33T (ﬁgure 4.4e). This
experiment also shows that the σ− polarised intensity ﬁrst decreases and then
increases, while the σ+ polarised intensity initially decreases before levelling oﬀ
above 8T (ﬁgure 4.4b). Similar behaviour, albeit it less pronounced, is observed
at 4.2K where a slightly higher magnetic ﬁeld (10T) is required to induce a
transition in the non-resonant PL properties. Further evidence to support this
transition is found in the resonant PL data, where we ﬁnd that the intensity of
the ZPL reveals similar behaviour in a magnetic ﬁeld. After an initial increase
or decrease, depending on the polarisation, the intensity levels oﬀ (ﬁgure 4.5b
and c). Again we ﬁnd the change in behaviour around 8 to 10T. We attribute
these changes to a transition of the exciton symmetry from 1D to 0D, that
occurs when the magnetic length (∼ 8 nm at 10T) becomes comparable to the
NQR length (10.7 nm in our sample).
Such a transition is supported by the high ﬁeld FLN data of NQRs and
NQDs. Figure 4.7c shows that above 10T the energy splitting Δ1 reveals the
same magnetic ﬁeld dependence for both NCs. It should be noted that such a
transition is not incorporated in our NQR model, which assumes rods with a
high aspect ratio and treats magnetic ﬁelds as a perturbation. A full quantum
mechanical treatment of the actual rod potential should therefore be performed
to verify whether such a 1D to 0D transition is able to explain our data.
4.6 Conclusions
We have performed a detailed photoluminescence study, including temperature
and magnetic ﬁeld dependent resonant and non-resonant PL, on CdSe NQRs.
A comparison of the FLN results of NQDs and NQRs reveals many similarities,
which support the exciton ﬁne structure model for both types of NCs. For
NQRs, we ﬁnd a dark exciton ground state with a degenerate bright exciton
level 4meV above it. Surprisingly, we ﬁnd that the non-resonant PL of NQRs
is not related to the resonant PL, and that it originates from high energy
transitions, such as multi-exciton or Auger recombination. Furthermore, we
ﬁnd that a magnetic ﬁeld of 10T induces abrupt changes in both the resonant
and non-resonant PL, which we attribute to a change in exciton symmetry from
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We describe the wide ﬁeld ﬂuorescence microscopy setup that has
been used to study single molecular ﬁbres and single semiconductor
nanocrystals. We use a homebuilt setup, which has the advantage
that it can easily be adapted to ﬁt the needs of these, or other,
speciﬁc experiments. A second advantage is that the use of high
magnetic ﬁelds and low temperatures imposes high demands on the
setup in terms of available space, i.e. the “microscope” has to ﬁt in
a 20mm diameter tube. We have designed and built a ﬂuorescence
microscopy probe with slip-stick piezo positioners (Attocube sys-
tems), which can be used in both wide ﬁeld and scanning confocal
imaging.
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5.1 Introduction
We start with a description of a table-top wide ﬁeld ﬂuorescence microscopy
setup used for ﬂuorescence imaging. After a general introduction of this setup,
we discuss how it can be modiﬁed for polarised ﬂuorescence microscopy. We
implemented a Wollaston cube, placed in a telecentric lens system, to simul-
taneously record two perpendicularly polarised images. Then we describe the
ﬂuorescence microscopy probe which was designed and constructed to enable
wide ﬁeld ﬂuorescence microscopy in high magnetic ﬁelds and at temperatures
down to 1.2K. The last section describes how this probe can be used for confo-
cal imaging. A proof-of-principle experiment conﬁrms that the setup works in
this mode, although a bit of ﬁne tuning and optimisation is required.
5.2 Wide ﬁeld ﬂuorescence microscopy
A table-top experiment
To perform wide ﬁeld ﬂuorescence microscopy experiments a laser beam is fo-
cussed in a microscope objective, thereby illuminating a certain area of the
sample and collecting the laser induced ﬂuorescence with the same objective.
A large focal distance lens is used to image the ﬂuorescence pattern on a detec-
tor. The excitation laser light and the ﬂuorescence are separated by a dichroic
mirror, which reﬂects the ﬁrst while allowing the latter to pass through (right
panel in ﬁgure 5.1). We distinguish two optical paths in the ﬂuorescence mi-
croscope, the excitation path and the detection path, that coincide between
dichroic mirror and sample.
Our homebuilt ﬂuorescence microscopy (FM) setup, schematically shown
in ﬁgure 5.1, uses a commercial Olympus BHT microscope, which has been
modiﬁed to hold a dichroic mirror (Omega Optical, 515DRLP). The rotation
turret on the microscope can hold up to four diﬀerent objectives, which allows
us to easily switch magniﬁcation. Excitation light is provided by an Argon-ion
laser (Spectra Physics model 2080 or 2017), usually operating at 457.9 nm. A
spatial ﬁlter, described below, is placed in the excitation path to control the
beam divergence. The intensity and polarisation of the beam can be adjusted
by two polarisers and Babinet-Soleil compensators. After reﬂection by the
dichroic mirror, the light goes through the microscope objective to the sample,
where the excitation path terminates. Fluorescence from the sample is collected
by the same objective, passes through the dichroic mirror and is imaged on
the CCD camera by an f = 1000mm lens. A square, 512 × 512 pixels, air-
cooled, intensiﬁed CCD camera (Princeton Instruments, PiMax) is used to
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record spatially resolved images of the sample. Alternatively, the image can be


























Figure 5.1: Left panel: Schematic representation of the ﬂuorescence mi-
croscopy setup. The light from the laser passes through a prism box (PB),
where three prisms remove all unwanted light from the laser line, such as the
plasma lines. The beam passes through the spatial ﬁlter and then through
the polarisers (P) and Babinet-Soleil compensators (BS) to set intensity and
polarisation. A ﬁnal excitation ﬁlter (EF - Omega Optical XLK05) is used
to remove auto-ﬂuorescence from these optical components. The light is then
reﬂected by the dichroic mirror (DM) and (de)focussed on the sample by the
objective. Fluorescence is collected by the objective, passes through the DM
and is reﬂected by mirror M3 towards the detector. The imaging lens (IL)
produces an image on the camera, or on the entrance split of the spectrograph
if the ﬂipper-mounted mirror (FMM) is in its upright position. Any remaining
laser light is blocked by a detection ﬁlter (DF - Omega Optical 3RD500LP).
Right panel: Close-up of the dichroic mirror, objective and sample, that shows
the defocussing of the excitation beam by the objective and the focussed col-
lection of ﬂuorescence, which passes through the dichroic mirror.
To adjust the divergence of the excitation beam, a spatial ﬁlter is placed
in the excitation path. A spatial ﬁlter consists of two lenses with a pinhole
in between. The ﬁrst lens focusses the incoming beam on the pinhole, thereby
creating a clean point-like light-source. The second lens collimates this light into
a beam. The divergence of the beam is determined by the distance between the
second lens and the pinhole. If the distance equals the focal length of that lens,
then the beam is parallel; a converging beam is attained for distances larger than
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the focal length. Besides providing control over the beam divergence, the spatial
ﬁlter also makes sure that the beam has a well-deﬁned, Gaussian intensity












where φbeam, α and λ are the laser beam diameter, divergence and wavelength,
respectively, and f and k are the focal distance and the aberration of the ﬁrst
lens.
We use a Babinet-Soleil compensator, operating as a half-wavelength plate,
in combination with two parallel linear polarisers to control the intensity of
the excitation beam. Rotating the Babinet-Soleil compensator rotates the po-
larisation from vertical to horizontal, thus reducing the intensity of the light
transmitted through the second polariser. This allows us to vary the excitation
intensity over two orders of magnitude. The important advantage of this above
grey ﬁlters is that, once aligned, rotating the Babinet-Soleil does not change
the beam direction, whereas changing excitation ﬁlter would. As the remaining
excitation path length can be up to 6 metres, even a minute change in beam
direction would require realigning of the setup, turning something as simple as
changing intensity into a troublesome amount of work. A second Babinet-Soleil
compensator is used either as half- or quarter-wavelength plate to control the
excitation polarisation, respectively setting it linearly or circularly polarised.
Polarised ﬂuorescence microscopy
A polarisation resolved image can easily be obtained by placing an analyser
in the detection path of the FM setup. In many cases, however, it is more
convenient to measure two perpendicular polarisations simultaneously, for in-
stance in single object studies or if bleaching is a serious problem (see chapter
7). Recording both polarisations at the same time ensures that time varying
eﬀects are equally present in both images and can, therefore, not adversely
aﬀect the measurement. Furthermore, the total measurement time and also
the illumination time is halved, the latter of which is an advantage to prevent
bleaching of the sample.
Simultaneous recording of two polarisations can be accomplished by using
a Wollaston cube instead of a Glan-Taylor polariser in the detection path. A
Wollaston cube splits an incoming beam into two perpendicularly polarised
beams, emerging from the cube at a small angle with respect to the incoming
beam. The separation of the two perpendicularly polarised beams increases
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with the distance to the Wollaston cube. Because of the small dimensions of
the CCD chip in our cameras, such a cube should therefore be placed close
to the detector plane, otherwise the beams will not both ﬁt on the chip. As
a consequence, placing the cube in front of the spectrograph to measure two
perpendicularly polarised spectra simultaneously would not work.
Besides the spatial separation of the beams, there are a few other eﬀects
that require consideration when using a Wollaston cube. The cube distorts the
image if it is placed in a converging beam. Furthermore, as the beams emerge
with a certain angle with respect to another, they are no longer perpendicular
to the detector plane. Because the CCD pixels are not inﬁnitely thin, light will
leak to neighbouring pixels if the beam does not strike perpendicular to the
detector plane. Lastly, when recording spectra, the beams enter at diﬀerent
angles and are dispersed diﬀerently by the grating. This will lead to diﬀerent
intensities and spectral oﬀsets between the two polarised spectra.
First Lens
f = 100 mm
Second Lens










entrance slit of the
spectrograph (left)
or on the intensified
CCD camera 
(below).
Figure 5.2: The Wollaston cube is placed in a telecentric lens system to split
the FM image into two perpendicularly polarised images above each other.
The telecentric lens system makes sure that the images travel parallel and are
not distorted.
A simple work-around that counters these issues is to put the Wollaston cube
in a telecentric lens system. Such a system consists of two achromatic lenses
and an aperture. The two lenses will magnify the incoming image, depending
on their focal distances and their mutual distance. The diameter of the aperture
determines what depth level in a 3D image is ﬂattened into a 2D image. In our
microscopy setup we position a telecentric lens system such that the microscope
image is projected exactly in the focal plane of the ﬁrst f = 100mm achromatic
lens. Each point in the image then becomes a parallel beam on the other side
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of the lens. A second, identical lens is positioned on a rail system some 200mm
behind the ﬁrst lens, and the detector is positioned in the focus plane of this
lens. The aperture is left out, because ﬂattening of the image is not required.
A Wollaston cube is placed on the rail between the two lenses, and rotated such
that the two polarisations emerge above each other.
5.3 Fluorescence microscopy in high magnetic ﬁelds
The setup described above has been modiﬁed to employ ﬂuorescence microscopy
at high magnetic ﬁelds, up to 33T, and low temperatures, down to 1.2K. We
designed and constructed a measurement probe that holds the sample and the
objective. The probe is mounted in an outer tube, which shields the probe
from direct contact to the liquid helium in the bath-cryostat. The probe, which
is basically just a long tube with the objective and sample on one side and a





Vacuum-tight o-ring Brass tube
Headpiece with stainless steel tube
Figure 5.3: Cross-sectional view of the ﬂuorescence microscopy probe for
high magnetic ﬁelds and low temperatures, which shows the head of the probe
(left) with a window and the o-ring to vacuum tighten the brass tube. The
objective is screw-mounted on the other end of this tube, which resides inside a
thin stainless steel tube that is connected to the headpiece. The whole probe,
which measures approximately 170 cm, slides into the outer tube, which has a
diameter of only 2 cm.
The Bitter-type electromagnet, which generates magnetic ﬁelds up to 33T,
is located on the ground ﬂoor of the High Field Magnet Laboratory. A liquid
helium bath-cryostat is mounted on the magnet. The outer tube with the probe
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is inserted in the cryostat to cool the sample to 4.2K. The bath is pumped to
cool down to 1.2K. The optics, see ﬁgure 5.1, are located on the ﬁrst ﬂoor
in a room above the magnet. A hole in the ﬂoor provides optical access to
the magnet. The dichroic mirror (DM) and the detection mirror (M3) are
mounted on an extension platform, which is attached to the optical table, and
which positions these mirrors above the magnet. The excitation laser beam
is reﬂected by the dichroic mirror to the magnet, six metres below, and into
the probe, which replaces the microscope. Fluorescence from the sample travels
back up and is reﬂected by a large aluminiummirror (M3) towards the detectors.
With the 40× objective, the ﬁeld of view is approximately 15μm in diameter.
Figure 5.4: Detailed illustration of the ﬂuorescence microscopy probe, show-
ing the sample tube that holds from top to bottom: the objective, the sample
holder with a sample and the Attocube positioners that form the XYZ sample
translation stage.
The part of the probe that holds the microscope objective, the sample stage
and the sample itself are shown in more detail in ﬁgure 5.4. The objective is
screw-mounted on a brass tube residing in a stainless steel tube. The brass tube
can be moved up and down by a screw-mechanism in the head of the probe (not
shown) as a coarse positioning of the objective. The sample stage is mounted on
the large, outer diameter 19.5mm, stainless steel tube which is attached to the
main stainless steel tube by locking screws. The sample stage consists of three
slip-stick piezo positioners (Attocube systems, two ANPx50 and one ANPz50,
see next section), which provide XYZ-movement of the sample holder. Samples
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are placed in the sample holder and are locked in place by two phosphor bronze
springs. The stainless steel tube has been cut open on two places, thus forming
two “windows” that provide access to the sample stage.
Figure 5.5 shows the photoluminescence spectra of a single GaAs/AlAs mi-
crocavity pillar containing a few Indium-Arsenide (InAs) quantum dots (QDs)
in magnetic ﬁelds up to 24T. The sample was mounted on the probe and spec-
tra were recorded with a 640mm focal length monochromator, with a grating
of 1200 grooves/mm. The spectra exhibit sharp lines due to the emission of
individual QDs that are splitting in a magnetic ﬁeld due to the Zeeman eﬀect.
This ﬁgure convincingly demonstrates that the setup works.
Figure 5.5: Photoluminescence spectra of a microcavity containing InAs
quantum dots between 0 and 24T. The inset shows a scanning electron mi-
croscopy image of a pillar [2].
5.4 Confocal microscopy in high magnetic ﬁelds
The Attocube piezo positioners are based on the slip-stick motion, which was
invented in 1987 by Pohl [3]. The basic idea of slip-stick motion involves a
translation stage clamped around an axis; stage and axis will move together
if the axis is slowly pushed (stick). When the force on the axis is exerted in
a very short time, the axis will slip through the stage because of its inertial
moment. In the Attocube positioners, the axis is driven by a piezo element.
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A sawtooth voltage is applied to the piezo, which expands and retracts as the
voltage increases and decreases, see top panels in ﬁgure 5.6a and b. A slow rise
followed by a fast fall in voltage will cause the piezo to expand slowly expand
and retract fast, pushing the stage away. Reversal of this sequence will pull the

















Figure 5.6: (a,b) The top panel shows the driving voltage for the Attocube
positioners, when moving the positioner forward (a) and backward (b). The
lower panels show the output of the step start signal from the Schmitt-trigger
circuit in (c). SS↑ and SS↓ refer to the two outputs of the circuit. (c) A
schematic diagram of the circuit used to generate a TTL pulse that indicates
the start of a step, SS↑ and SS↓, from the piezo driving sawtooth voltage,
Vin. The Schmitt-triggers are powered by Vcc=5V, which is decoupled by
the resistor (R2=22Ω) and the capacitor (C=10nF). The resistors R, both
12kΩ, divide the input signal, which is cut-oﬀ at 12V by the Zener diode
(BZX 79C 12V). (d) A scanning confocal image measured with the ﬂuorescence
microscopy probe.
These slip-stick positioners combine high precision movement of piezos with
long travel distances, even at low temperatures where the piezo eﬀect is strongly
diminished, because piezo and translation stage are not ﬁxed to each other. The
maximum travel range of the z-positioner is 3mm and that of the xy-positioner
is 4mm, with step sizes ranging from 25 nm to 2μm at room temperature and
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10 to 500 nm at 4.2K [4]. The stainless steel tube of the measurement probe
limits the xy-range to ±0.75mm.
With a small modiﬁcation to the optics, we can change the wide-ﬁeld ﬂu-
orescence microscopy setup into a scanning confocal microscope. We tune the
spatial ﬁlter to have a parallel excitation beam, which in turns leads to the
smallest possible excitation spot, which measures half the excitation wave-
length, i.e. about 230 nm with the blue Argon line. Also, we replace the
CCD camera by a pinhole with an avalanche photo diode (APD) behind it. An
APD is a fast single photon counter that generates a TTL pulse if a photon is
detected. Because we illuminate a small area of the sample and detect only the
ﬂuorescence emitted at that same spot, we need to scan the sample through
this spot to construct an image of the sample. The intensity at each pixel is
determined from the number of detected photons in between two steps. We
deﬁne the beginning of a step by the fast voltage drop of the driving sawtooth.
A simple circuit with Schmitt-trigger invertors (74LS14) is used to obtain a
TTL pulse at this voltage drop, see ﬁgure 5.6c. The driving voltage is divided
by the two resistors and cut-oﬀ at a maximum voltage of 12V by the Zener
diode and then passed to the input of a Schmitt-trigger-invertor. The output
of a Schmitt-trigger is high while the input signal is above a certain threshold,
otherwise it is low. In this circuit the Schmitt-trigger output is inverted, so it
will be low while the input to above the threshold. This provides us with a
short TTL pulse at the beginning of each driving pulse, thus marking the start
of a step. The output of the ﬁrst Schmitt-trigger is connected to the input of
a second inverted Schmitt-trigger to obtain a TTL pulse if the direction of the
sawtooth is reversed. These two TTL signals are each connected to a digital
input/output device (National Instruments 6036E) on a PC. The signal from
the APD is connected to the counter input of this device and a LabVIEW
programme is used to count the number of TTL pulses from the APD between
two consecutive step start signals to obtain the ﬂuorescence intensity at each
position.
A confocal image is obtained by step-scanning fast in one direction and slow
in the other direction, i.e. in one direction (x) we set n steps forward and then
m steps back again followed by a single step in the other direction (y). It has
been shown that with a ratio m/n = 9/8 = 1.125, the positioner regains its
original start position [5]. Figure 5.7 shows the forward and backward scanned
images at room temperature and at 4.2K of a simple test sample. The sample is
made from silicon, etched to form 5×5μm islands with a height of 200 nm. The
height diﬀerence between the islands and the main sample body is large enough
to provide suﬃcient contrast in laser reﬂection. Islands appear as bright squares
with a dark border in these images. These images show that our ﬂuorescence
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microscopy probe can be used to obtain confocal images, although a perfect





4.2 K - Forward
c)
4.2 K - Backward
d)
Figure 5.7: (a,b) Forward and backward scans respectively of the silicon test
sample at room temperature. (c,d) Similar scans recorded at 4.2K.
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Determination of the internal
structure of single molecular
ﬁbres
Abstract
We present the results of a study on the internal order of sin-
gle molecular ﬁbres. Self-assembled stacks of tetra(p-phenylene-
vinylene)-based molecules (OPV) form micrometre long ﬁbres on
graphite by end-to-end alignment of the stacks upon transfer to the
solid support. We employ polarised ﬂuorescence microscopy to de-
termine the level of internal order of single OPV ﬁbres. A dipole
model is used to explain the observed polarisation ratio (R ∼ 2).
We ﬁnd that the dielectric properties of the solid support have a
strong depolarising inﬂuence on the ﬂuorescence of the ﬁbres. This
eﬀect, combined with the depolarising eﬀects of the experimental
setup, accounts for the rather low polarisation ratio. Therefore, our
results suggest that the OPV ﬁbres have a high degree of internal
order. We use the model to investigate alternative supports, for
which the polarisation ratio is much larger, up to R = 33. This will
increase the sensitivity to molecular disorder within the ﬁbre.
This work has been published in:
C.R.L.P.N. Jeukens, P. Jonkheijm, F.J.P. Wijnen, J.C. Gielen, P.C.M. Christianen,
A.P.H.J. Schenning, E.W. Meijer, and J.C. Maan, J. Am. Chem. Soc. 127-23, 8281
(2005).
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6.1 Introduction
The development of nanoﬁbres is a promising approach to miniaturise optoelec-
tronic devices. Over the recent years, such ﬁbres have been constructed from in-
organic materials [1] and carbon nanotubes [2]. Alternatively, self-assembled [3]
nanoﬁbres based on π-conjugated systems provide a versatile means to fabricate
ﬁbres with tailor-made functionalities similar to those of plastic electronics [4,5].
So far, however, their use in devices has been limited to π-conjugated polymers
and doped oligomers [6–9]. A crucial step toward plastic nanoelectronics is the
creation of identical, highly organised ﬁbres, about one-molecule thick, on a
solid support. Since the internal organisation of such ﬁbres determines their
performance, it is important to develop techniques to structurally characterise
individual ﬁbres at the molecular level.
Recently [10], tetra(p-phenylenevinylene)-based molecules (OPV) have been
shown to self organise into chiral stacks with a length of about 150 nm. These
OPV molecules, see ﬁgure 6.1a,b, form dimers, through the self-complementary
quadruple ureidostriazine hydrogen bonding units, as shown in ﬁgure 6.1c. Chi-
ral stacks are formed from the dimers due to π-π-interactions of the phenyle-
nevinylene backbone, ﬁgure 6.1d, which have a length of 150 nm and a 5 nm
diameter. The distance between two adjacent hydrogen-bonded dimers in the
stack is 0.35 nm and the angle of rotation is 12◦ resulting in a pitch length
of 6 nm [11]. These ﬁbres can be transferred to a suitable support, such as
graphite (HOPG), yielding micrometre long ﬁbres, presumably formed due to
end-to-end assembly of the chiral stacks. Atomic Force Microscopy (AFM) re-
veals that indeed the ﬁbres have a height of 5 nm, see ﬁgure 6.1e,f. Although
the AFM image conﬁrms the transfer of chiral stacks on a solid support, it
lacks the resolution to analyse the internal structure of the ﬁbres. However, the
dipole moment of the OPV molecule, which lies predominantly along the long
axis of the molecule, can provide more information on the internal structure.
Therefore, we employ polarised ﬂuorescence microscopy and study the degree
of polarisation of the ﬁbres.
We ﬁnd that the ﬁbres exhibit a profound polarised optical emission over
their entire length that directly corresponds to their orientation on the sub-
strate. To analyse the observed polarisation ratio, we use a dipole emission
model that accounts for the dielectric constant of graphite and the helical na-
ture of the ﬁbres. The polarisation ratio calculated with this model, matches
well with the observed polarisation ratio and although it is rather low (∼2),
the data reveal a high degree of internal order. In retrospect graphite turns out
to be a bad substrate for polarisation resolved imaging. The model suggests


















































Figure 6.1: (a,b) Structure formula of the tetra(p-phenylenevinylene) (OPV)
molecule, which is the building block of the ﬁbre, and its schematic representa-
tion. (c) Two OPV molecules form a dimer through their self-complementary
hydrogen bonding units. (d) These dimers stack into 150nm long, chiral
stacks, which are stable in solution. (e) An AFM was used to reveal the
presence of micrometre long OPV ﬁbres on a graphite substrate. (f) A cross-
section, along the red line in (e), shows that the ﬁbres are 5 nm in height,
which corresponds to the length of a dimer.
6.2 Experimental details
The dominant optical dipole moments for absorption and emission of the OPV
building block are directed along the long axis of the tetra(p-phenylenevinylene)
unit and are expected to be perpendicular to the ﬁbre axis [12] (ﬁgure 6.2a).
Such a molecular arrangement should result in a pronounced polarisation of the
ﬂuorescence emission of a single ﬁbre. We use ﬂuorescence microscopy to im-
age single ﬁbres, obtained by drop-casting a 2μl droplet of a 1.7× 10−3 mg/ml
OPV/heptane solution on a freshly cleaved highly oriented pyrolytic graphite
(HOPG) substrate. Figure 6.2b shows the ﬂuorescence spectrum of an individ-
ual ﬁbre (red line), which closely resembles the spectrum of an OPV solution
which conﬁrms that the observed ﬁbres are indeed composed of OPV molecules.
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Figure 6.2: (a) The optical dipole moments of the OPV molecules are ori-
ented along the molecule and therefore perpendicular to the ﬁbre axis. (b)
Fluorescence spectra of the OPV solution, containing the stacks (blue line)
and of a single ﬁbre on graphite (red line).
The ﬂuorescence images were obtained by focusing the output of an Argon-
ion laser (@ 457.9 nm) in a 100× microscope objective, thus illuminating a
15μm spot on the sample surface and imaging the ﬂuorescence emission (ﬁg-
ure 6.2b) on an intensiﬁed CCD camera, yielding a diﬀraction-limited picture
(resolution ∼ λ/2 300 nm for the 100× objective). To avoid photobleaching
of the molecules, a nitrogen ﬂow was guided over the sample and the excitation
power was kept as low as possible (P <800mWcm−2), yielding typical signals
of 1 photon/second. Typically the images are measured with a 300 s capture
time and a CCD intensiﬁer gain of 150. For each ﬁbre we recorded three im-
ages; the ﬁrst and last image recorded the vertically polarised luminescence (I
)
and the second image recorded horizontally polarised luminescence (I↔). We
determined the amount of bleaching by comparing the ﬁrst and last image, and
compensated the horizontally polarised image for any eﬀects of bleaching. The
polarisation ratio is given by R = I
/I↔, and we use a colour coding scheme
to express the polarisation ratio from green (R < 1) through yellow (R = 1) to
red (R > 1), see ﬁgure 6.3c.
Figures 6.3a1,a2 show images of several OPV ﬁbres on graphite for vertical
and horizontal polarisation. The orientation of the ﬁbres in these images is their
true physical orientation with respect to the polarisers. The insets demonstrate
the colour coding of the ﬁbres for one of the ﬁbres in the images. We combine
the two polarised images and ﬁnd that this ﬁbre, which measures about 1μm
in length and is horizontally oriented, has a uniform red colour, indicating
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that its ﬂuorescence is vertically polarised over the entire ﬁbre. The emis-
sion proﬁle of this ﬁbre (ﬁgure 6.3b), which shows that the vertically polarised
ﬂuorescence intensity (red curve) is considerably higher than the horizontally
polarised ﬂuorescence intensity (green curve), conﬁrms our colour coding and































Figure 6.3: Polarised ﬂuorescence microscopy images of several OPV ﬁbres
on graphite, with excitation and detection polarisation vertical (a1) and hori-
zontal (a2). The intensity of ﬁbre in the red (green) frame for vertical (hori-
zontal) polarisation are combined to give a colour coded image (yellow frame).
(b) Intensity proﬁle in vertical (red line) and horizontal (green line) polarisa-
tion of the ﬁbre shown in the frames in ﬁgure (a1,a2). (c) The colour coding
scheme runs from green for horizontal polarisation (R ∼ 0) to red for vertical
polarisation (R = Rmax) through yellow (R = 1). The brightness of the colour
scales the intensity of the ﬂuorescence. (d,e,f) Colour coded images of various
ﬁbres.
A total of 14 individual ﬁbres, randomly oriented on the surface, have been
analysed in this manner. The images reveal that the ﬂuorescence of each ﬁbre
is strongly polarised, with a direction that is correlated to its orientation on the
surface. In contrast to the horizontally oriented, red ﬁbre from ﬁgure 6.3a, the
ﬁbre shown in ﬁgure 6.3d has a uniform green colour and a vertical orientation.
This direct relationship between ﬂuorescence polarisation and ﬁbre orientation
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is also clear from ﬁgure 6.3f, which shows three ﬁbres, one of them having a
90◦ bend, leading to a change in the colour-code at the intersection. Most of
the self-assembled ﬁbres reveal a uniform polarisation over micrometre ranges,
due to eﬀective head-to-tail positioning of the smaller stacks in solution, and
only few of them are not polarised uniformly. For instance, the colour-coded
image of the long vertical ﬁbre in ﬁgure 6.3e displays a red defect in the overall
































Figure 6.4: Measured polarisation ratios R of 14 OPV nanoﬁbres as a func-
tion of their orientation ϕ. The colour of the symbols reﬂects the colour-coding
of the measured R (red, R > 1; green, R < 1). Top panel: the expected po-
larisation degree and colour-coding for chiral OPV ﬁbres.
The average polarisation ratio R of all 14 ﬁbres as a function of the angle ϕ
of the ﬁbre direction with the horizontal axis is shown in ﬁgure 6.4. For clarity,
the data points are given the same colour as the colour-coding corresponding
to the experimentally observed ﬂuorescence polarisation, that is, red (R > 1)
or green (R < 1). For example, the red and green closed squares represent the
ﬁbres in ﬁgure 6.3a and d, respectively. On the basis of the quantitative results
in Figure 6.4, two important conclusions can be drawn. First, 10 out of 14
ﬁbres indeed show the colour-coding expected for well-ordered nanoﬁbres with
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the constituting dimers arranged perpendicularly to the ﬁbre axis (top panel
Figure 6.4). Namely, nanoﬁbres with 45◦ < ϕ < 135◦ appear green in this
graph, whereas the others (0◦ < ϕ < 45◦ or 135◦ < ϕ < 180◦) are red. Only
four of the measured ﬁbres show an unexpected colour-coding (open circles in
ﬁgure 6.4), revealing a diﬀerent orientation of the OPV dimers in the ﬁbres. It is
striking that these four ﬁbres were situated in one region of the substrate (ﬁgure
6.3f), and remarkably, the orientation of the OPV is the same in these four
cases. These deviations possibly result from a locally diﬀerent surface area that
changes the molecule-surface interactions [11]. The second conclusion is that,
although all ﬁbres exhibit a profound polarisation, the maximum polarisation
ratio is rather low (R ∼ 2), in seeming contrast with a high degree of order
within the nanoﬁbres.
6.3 Modelling dipole emission
To explain these observations, a previous model included both the depolarising
eﬀects of a high NA objective and disorder in the stacks to account for the low
(R ∼ 2) polarisation ratio of the ﬁbres [13]. It concluded that, although the
depolarising eﬀects of the objective set an upper limit on the polarisation ratio
of Rmax = 19, the geometry of the experiment could not explain the observed
polarisation ratios and therefore a rather high degree of disorder was required
to account for the results. This model however, did not take into account any
eﬀects that the solid support might have on the emitting dipoles or the eﬀects
of form birefringence.
6.3.1 Form birefringence
It is well known that the electric ﬁeld inside an ellipsoid (Ein), with a certain
dielectric constant (ε), diﬀers from the externally applied ﬁeld (Eext), due to
polarisation of the ellipsoid. The electric ﬁeld can be written [14–16]
Ein,i =
Eext,i
1 + (εobj − εm)εmNi (i = x, y, z) (6.1)
where Ni are the depolarising coeﬃcients, which are geometrical constants that
depend on the ratios of the axes of the ellipsoid, and εobj(εm) is the dielectric
constant of the ellipsoid (medium). It has been shown [16] that if one considers
a number of ellipsoids dispersed in a medium, where f denotes the volume
fraction occupied by ellipsoids, the depolarisation of the ellipsoids leads to a
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diﬀerence in refractive index along diﬀerent directions, given by








where nα, nβ and Nα, Nβ are the refractive indices and depolarising coeﬃcients
along the directions α and β. The refractive index of the object (medium) is
related to the dielectric constant by n2obj = εobj (n
2
m = εm) and ξ = (1 −
f)(n2obj/n
2
m − 1). The depolarising factors Ni depend strongly on the shape of
the object, hence this eﬀect is known as form birefringence.
In the case of the OPV ﬁbre, equation (6.1) tells us that due to its shape,
the electric ﬁeld of the dipole in the OPV molecule will be diﬀerent along or
perpendicular to the ﬁbre direction. The polarisability depends on the dielectric
constant of the medium (in the experiment: air, εair = 1.00054) and of the OPV
molecule, for which a refractive index of nOPV ∼ 1.5 − 1.8 has been reported
[17]. Modelling the ﬁbre as a cylinder and using the appropriate depolarising
coeﬃcients N‖ = 0 and N⊥ = 0.5 [16], we ﬁnd a ∼ 10% eﬀect on the maximum
polarisation ratio of the ﬁbre. The maximum polarisation ratio of the previously
introduced model [13] would have to be adjusted to Rmax ∼ 17. However, this
value is still much larger than the measured maximum polarisation ratio of
R = 2. We therefore conclude that form birefringence alone cannot explain the
data.
6.3.2 Dipole emission near an interface
So far, we have ignored the fact that the ﬁbre is situated on a solid support and
since a dipole emits light in all directions, a part of this light will be reﬂected of
the surface of the support. Therefore, the collected light will be the sum of the
direct and the reﬂected luminescence of the dipole. There are two ways in which
the surface aﬀects the total light intensity of a dipole. Firstly, the reﬂection
coeﬃcients, which follow from the well-known Fresnel equations, depend on
both the polarisation of the incident light and on the dielectric constant of the
involved media. Secondly, the reﬂected light will gain a phase shift, depending
in size on the distance between surface and dipole, and therefore once reﬂected
it will interfere with the direct emission of the dipole. We will show that the
combination of these eﬀects has a surprisingly large inﬂuence on the emission
proﬁle of a dipole and that these eﬀects explain the observed polarisation ratio
very well.
The derivation of the emission pattern and its polarisation of a dipole with
arbitrary orientation near an interface, see ﬁgure 6.5a, is based on Ref. [18]. We
consider an oscillating dipole, d(t) = Re(de−iωt), embedded in medium 1, with
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dielectric constant ε1 = n21, and located on the z-axis at a height H above the
XY -plane. The region deﬁned by −L < z < 0 is occupied by a second medium,
with dielectric constant ε2 = n22. Below z < −L extends a third medium, with
dielectric constant ε3 = n23. The only restriction that applies to the following
is that ε1 is real. There are no restrictions on the dielectric constants of the
other media. For sake of convenience H and L are converted into dimensionless















Figure 6.5: (a) A dipole d is located in medium 1 at a height z = H above a
layer of medium 2, which has a thickness L and where the interface between
medium 1 and 2 is the XY -plane. The layer of medium 2 is sandwiched
between medium 1 and 3. (b) The orientation of a dipole (d) is given by the
angles α, between d and the z-axis, and β, between the projection of d in the
XY -plane and the x-axis.
The angular spectrum notation, which writes a waveﬁeld as a superposition
of plane waves [19], has been used to rewrite the well-known expression for the
























The wavevector k has been decomposed into a part that is parallel to the
XY -plane (k‖) and a part that is perpendicular to this plane (ξ), by writing
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1 − k2‖ for k‖ < k0n1
i
√
k2‖ − k20n21 for k‖ > k0n1
. (6.4)
Real values of ξ, when k‖ < k0n1, represent travelling waves, whereas in the
other case ξ is positive imaginary and therefore the wave decays exponentially
away from the plane z = H and is called an evanescent wave.
A light wave is described by three vectors, its propagation vector k and two
polarisation vectors for s- and p-polarisation, which form an orthogonal system.
To calculate the reﬂected electric ﬁeld it is convenient to rewrite equation (6.3)
into terms of the polarisation vectors. To this end, we introduce a dimensionless
variable for the magnitude of k‖: γ = k‖/k0 = n1 sin(ϑinc), where ϑinc is the
angle of incidence of the incoming wave. The wave vector of the source ﬁeld
can now be written
k =
{
k‖ + k0ν1zˆ, for z > H




n2i − γ2, which is positive imaginary if γ > ni. The unit vectors
for s- and p-polarisations are deﬁned by
eˆs = 1k‖
k‖ × zˆ s-polarisation
eˆp,r = 1kr
kr × zˆ p-polarisation,
(6.6)
where kr = k‖+k0ν1zˆ is the wave vector of the reﬂected wave. By decomposing




d− (d · k)k = k20n21
∑
σ=s,p
(d · eˆσ) (6.7)
and we can rewrite each partial wave of the source, equation (6.3), as a sum of












k·r(d · eˆσ)eˆσ, (6.8)
where the +(−) describes waves in the region z < H(z > H) and k is given by













k·r(d · eˆσ,r)eˆσ,r, (6.9)
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that is, by the source wave travelling down (z < H) and replacing k by kr and
multiplying with the proper Fresnel reﬂection coeﬃcient. The Fresnel reﬂection























(ε2ν1 + ε1ν2)(ε3ν2 + ε2ν3) + (ε2ν1 − ε1ν2)(ε3ν2 − ε2ν3)e2iν2l
]
.
Now, to ﬁnd the electric ﬁeld far away from the dipole, i.e. there where
it is captured by our objective, we use the far ﬁeld approximation (FFA) with
the method of stationary phase [19]. We apply the FFA to equations (6.8), in








d · eˆϕ)eˆϕ + (d · eˆϑ)eˆϑ
+e2in1h cos(ϑ)
(
−Rs(γ)( ˜d · eˆϕ)eˆϕ +Rp(γ)( ˜d · eˆϑ)eˆϑ
)]
, (6.10)
where we deﬁned a mirror dipole ˜d = d⊥ − d‖, located at a distance H below
the z = 0 plane. The amount of power radiated per unit solid angle is given by:
dP
dΩ
= r2S · rˆ
= P0A(ϑ,ϕ), (6.11)
where S = 1/(2μ0)Re( E × B∗) is the Poynting vector and A(ϑ,ϕ) is the radi-
ation distribution. The magnetic ﬁeld can be calculated from Maxwell’s equa-




{∣∣∣(1 +Rs(n1 sin(ϑ))e2in1h cos(ϑ)) u · eˆϕ∣∣∣2
+
∣∣∣u · eˆϑ +Rp(n1 sin(ϑ))e2in1h cos(ϑ)˜u · eˆϑ∣∣∣2
}
, (6.12)
where we introduce the normalised dipole u = d/d = u⊥ + u‖ and its mirror
˜u = u⊥ − u‖. The arbitrarily oriented dipole is characterised by two spherical
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angles α and β, see ﬁgure 6.5b (page 91). Explicit expressions for u‖ and u⊥
can then be written down using coordinate transformations:
u‖ = [sin(α) cos(β) sin(ϑ) cos(ϕ) + sin(α) sin(β) sin(ϑ) sin(ϕ)] eˆr
+ [sin(α) cos(β) cos(ϑ) cos(ϕ) + sin(α) sin(β) cos(ϑ) sin(ϕ)] eˆϑ
+ [sin(α) sin(β) cos(ϕ)− sin(α) cos(β) sin(ϕ)] eˆϕ and
u⊥ = [cos(α) cos(ϑ)] eˆr − [cos(α) sin(ϑ)] eˆϑ. (6.13)
For a free dipole the model parameters are ε1 = ε2 = ε3 = 1, and because
ε2 = ε3, l is irrelevant. In this case h is also irrelevant, and the model returns
the well-known doughnut-shaped radiation pattern, see ﬁgure 6.6a. However, in
the presence of an interface we ﬁnd that the radiation pattern deviates strongly
from that of a free dipole.
Figure 6.6b shows the radiation patterns of dipoles oriented along the x-
and z-axis, located 3 nm above an air-glass interface. The parameters for this
calculation were ε1 = 1, ε2 = ε3 = 2.25, h = π/100 (λ = 600 nm), l is irrelevant.
The x-dipole intensity has decreased and its emission is strongly directed per-
pendicular to the interface, i.e. along the z-axis. The intensity of the z-dipole
has also decreased, though not as much as the intensity of the x-dipole, and the
emission direction has been tilted up from the interface. These eﬀects become
even more pronounced in the case of a dipole above a graphite-air interface,
see ﬁgure 6.6c. These images were obtained using the ordinary ray dielectric
constant of graphite: εo = 5.49 + 7.64i = ε2 = ε3 [21]. Above graphite the
x-dipole is almost completely quenched, but still emitting in the z-direction.
The z-dipole intensity has increased greatly, surpassing even the free dipole,
and again its emission is directed more upward in the z-direction, compared to
the z-dipole above glass.
6.3.3 Capture by a microscope objective
The experiment uses a microscope objective to image the OPV ﬁbres. It has
been shown that such an objective has a depolarising eﬀect on the obtained
images [13]. This eﬀect results from the fact that an objective only captures
light emitted within a certain cone, the viewing cone. The top-angle of this
cone is determined by the Numerical Aperture (NA) of an objective, which is





where θ is half of the viewing angle and n is the index of refraction of the
medium in which the objective is placed. The depolarising eﬀect results from
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a) b) c)
Free Above glass Above graphitex-dipole:
z-dipole:
Figure 6.6: Emission proﬁle in a 3D polar plot and the polarisation direction
for free dipoles (a), dipoles above a glass-air interface (b) and for dipoles
above a graphite-air interface (c). The upper and lower panel show the results
for a dipole oriented along the x- and z-axis, respectively. In these plots,
the distance from the origin is a measure of the intensity radiated in that
direction. All images are on the same scale to allow direct comparison. The
arrows indicate the direction of the electric ﬁeld.
the capture of unpolarised light, generally emitted by dipole components that
are oriented perpendicular to the XY -plane. As shown in the lower panel of
ﬁgure 6.6a, the unpolarised emission of a z-dipole is mainly emitted in directions
parallel to the surface. Therefore, an objective with a large viewing angle, i.e.
a high NA, will be able to capture a substantial amount of these unpolarised
emissions. Considering a system of an x- and z-dipole, the fraction of polarised
light will decrease, which reduces the maximum measured polarisation ratio of
the dipole-system.
This depolarisation eﬀect not only depends strongly on the NA of the ob-
jective, but also on the intensity proﬁle of the emitting dipoles recorded by this
objective. An increased (decreased) emission of unpolarised light perpendicu-
lar to the interface, will increase (decrease) this eﬀect. As shown in the lower
panels in ﬁgure 6.6, the presence of an interface tilts the emission proﬁle of
the unpolarised z-dipole upwards. Therefore, a high NA objective will capture
more of these emissions, lowering the maximum attainable polarisation ratio.
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In the experiments we used a 100× magnifying objective with an NA of
0.90, which has a top-angle of θ = 64◦. Figure 6.7 illustrates the objective
depolarisation eﬀect and shows the angle dependence of the emission intensity
of an x(z)-dipole, left and right panel respectively, in a polar plot. The top-angle
























Figure 6.7: Polar plot of the emitted intensity as a function of emission angle
for a free dipole (solid line) and for dipoles above a glass-air (dashed line) or
graphite-air (dotted line) interface for an x(z)-dipole left (right) panel. The
grey lines indicated the viewing angle for an objective with NA = 0.90.
the situation of free dipoles with dipoles above a glass interface, we ﬁnd that
with this top-angle the objective will almost fully capture the emission of an
x-dipole, although the intensity is reduced by 33%. For a dipole oriented
in the z-direction, we observe an equal reduction in intensity. However, the
angular proﬁle changes such that the objective will capture substantially more
unpolarised light. In the case of dipoles above an graphite interface, we ﬁnd
a drastic decrease of the maximum intensity of the x-dipole (72%), while the
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intensity of the z-dipole increases with 17%, compared to the free dipole. As for
the angular proﬁle of the z-dipole, we ﬁnd that it changes in a similar manner
as it did with the glass interface.
6.4 Polarisation ratio of a ﬁbre
The dipole emission model described above, allows us to calculate the maximum
polarisation ratio for the OPV ﬁbres. To this end, we model the dimers in an
OPV ﬁbre with dipoles. The orientation in the XY -plane, described by the
angle β, is the same for all dipoles. Because of the angle of rotation between
adjacent dimers, the angle α increases with 12◦ steps for each dipole. Therefore,
only ﬁfteen dipoles are required to characterise the ﬁbre emission, since the
sixteenth dipole has the same orientation as the ﬁrst dipole, see ﬁgure 6.8.
Furthermore, we assume that the absorption and emission of the dipoles are
equal.
Figure 6.8: The dimers in chiral OPV ﬁbres are modelled by dipoles. Due
to symmetry, only ﬁfteen dipoles are needed to characterise the ﬁbre.
The optical response of the OPV ﬁbre is calculated by summing up the
contributions of these ﬁfteen dipoles, which are calculated in a few steps using
the dipole emission model. For a ﬁbre on a graphite support we use the following
parameters: medium 1 is air, ε1 = 1, medium 2 is graphite ε2,3 = 5.49 + 7.64i
(ordinary axis) and the dipole is placed at H = 5nm above the interface.
We calculate the radiation distribution, equation (6.12), and the electric ﬁeld,
equation (6.10), for each dipole as a function of ϑ and ϕ, and determine the
intensity for x- and y-polarised light. The total intensity in both polarisations
is given by integration over the all solid angles, limiting ϑ to the top-angle of
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Ix + Iy
. (6.16)
The ratio Pi = Ii/(Ix + Iy) is deﬁned as the degree of i-polarisation (i =
x, y) of the absorbed or emitted light. We calculate Ix,x and Iy,y for each of
the ﬁfteen dipoles, and sum them up to ﬁnd the total intensity of the ﬁbre
in both polarisations. These then determine the polarisation ratio that can
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Figure 6.9: Measured polarisation ratios of the 14 OPV nanoﬁbres shown
before. The polarisation ratio of a free chiral OPV ﬁbre and such a ﬁbre above
a graphite interface are indicated by the black and blue line, respectively. Top




Figure 6.9 shows the result of these calculations for a free chiral OPV ﬁbre
(black line) and for a ﬁbre on a graphite support (blue line), combined with the
data points already shown in ﬁgure 6.4. The depolarising eﬀects of both the
FM setup and the graphite substrate are accounted for by these calculations
and no further ﬁt parameters have been used.
The result of this calculation (blue line in ﬁgure 6.9) describes the observed
data remarkably well. From our model, we ﬁnd that there are two main reasons
for the rather low polarisation degree. First, the chiral composition of the stacks
implies that the emission is the sum of polarised and unpolarised contributions
of horizontal and vertical dipoles, respectively. The depolarising eﬀect of the
vertical dipoles alone is, however, not suﬃcient to explain our data (Figure
6.9, black curve, calculated for free chiral OPV stacks). Second, the complex
dielectric constant of the underlying graphite results in a lower intensity of
the polarised horizontal dipoles compared to the unpolarised vertical dipoles,
which causes a drastic reduction of R. The polarisation degree of ideal chiral
OPV ﬁbres on graphite is, therefore, theoretically limited to R ∼ 2, which is in
excellent agreement with our FM results.
6.5 Alternative substrates
An alternative substrate to support the OPV ﬁbres is oxidised silicon, which
is made by thermal oxidation of silicon wafers. The wafers are heated in an
oxygen-rich environment, and during this process oxygen diﬀuses into the wafers
and chemically reacts at the Si-SiO2 interface. The thickness of the SiO2 layer
is controlled by the duration of the oxidation procedure. As such, wafers with
a 100 or 200 nm thick oxidised silicon layer are commercially available.
We have calculated the polarisation ratio of an OPV ﬁbre on a silicon-
siliconoxide substrate as a function of the siliconoxide layer thickness, using the
parameters ε1 = 1 (Air), ε2 = 2.25 (Siliconoxide) and ε3 = 11.7 (Silicon) for a
wavelength of 564 nm (peak wavelength of the OPV ﬁbre spectrum, see ﬁgure
6.2b) assuming that the dipoles lie 5 nm above the siliconoxide-air interface.
The results of this calculation are shown by the black line in ﬁgure 6.10. We
ﬁnd a strong dependence of the polarisation ratio on the layer thickness, which
is explained by the total collected intensity of an x- and z-dipole above such
an interface. Calculations show that the intensity of those dipoles oscillates
with layer thickness and that they are almost 90◦ out of phase, i.e. a maximum
in intensity of the x-dipole coincides with a minimum in intensity of the z-
dipole and vice versa (ﬁgure 6.10). An OPV ﬁbre, which consists of x- and
z-dipole components, will therefore show a maximum in its polarisation ratio
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if the emission of the unpolarised z-dipole is much weaker than the emission of
the polarised x-dipole.
Our calculations reveal that the highest polarisation ratio can be found for
a ﬁbre on a substrate with a silicon-oxide layer L = 104 nm thick (R = 33.4).
Other local maxima are R = 24.0 for L = 317 nm or R = 14.9 for L = 531 nm.
The lowest polarisation ratio, R = 1.92, was found at L = 204 nm. To verify
these results we measured the polarisation ratio of OPV ﬁbres on silicon-silicon-
oxide substrates with a silicon-oxide layer thickness of 100 and 200 nm, R = 32.8
and R = 1.94 respectively.
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Figure 6.10: Calculated polarisation ratio (R) of an OPV ﬁbre (black line)
and the total intensity of an x- and z-dipole, dark and light grey line re-
spectively, while varying the thickness of the silicon-oxide layer on a silicon
substrate.
Our measurements were able to conﬁrm the polarisation ratio on the 200 nm
substrates. We were, however, unable to obtain samples with individual OPV
ﬁbres on the 100 nm thick silicon-oxide substrate and therefore unable to con-
ﬁrm the expected high polarisation ratio. Our attempts to produce individual
ﬁbres on this substrate yielded only a dense network of ﬁbres, which does not
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show a polarised emission. Because the drop-casting procedure was the same for
all substrates, we conclude that the surface-molecule interactions on this partic-
ular substrate are diﬀerent from those on the other substrates. Most likely this
is due to the surface quality of the silicon-oxide layer. It has been reported that
thermal oxidation does not yield amorphous silicon-oxide, in contrast to etch-
ing [22], but that it contains small crystallites. Furthermore, these crystallites
are more abundant close to the silicon-silicon-oxide interface [23] and thus the
thick silicon-oxide layer will be more amorphous, which appears to be better
for ﬁbre formation. As shown in ﬁgure 6.10 there is a second local maximum
in the polarisation ratio for substrates with a layer thickness of 337 nm, where
R = 24.0. It is reasonable to expect that the surface quality of such a substrate
is comparable, or better, than that of the 200 nm thick silicon-oxide substrate
and that, therefore, individual ﬁbres might be obtained.
6.6 Conclusions
In conclusion, we have prepared 5 nm diameter, micrometre long OPV ﬁbres on
a surface that show a profound polarised optical emission. A dipole emission
model was used to analyse the obtained polarisation ratio, and we found that
the measured and calculated values matched very well. Our results therefore
reveal that the chiral ﬁbres are highly organised, with the OPV dimers oriented
perpendicularly to the ﬁbre axis. It must be noted though, that due to the
rather low polarisation ratio, our results may not have the sensitivity required
to judge to the internal degree of order.
The dipole model used to calculate the polarisation ratio, revealed that the
polarisation ratio depends strongly on the dielectric properties of the substrate
on which the ﬁbres are formed. As it turns out, graphite is, from this point of
view, a rather poor choice. More suitable substrates, i.e. substrates yielding
a higher polarisation ratio, are available. We attempted to verify the model
prediction with a silicon-silicon-oxide layered substrate, but were unable to
obtain individual ﬁbres on the substrate with a 100 nm thick silicon-oxide layer.
We suspect this is due to the surface quality of the oxide-layer. It is obvious
that the ideal substrate combines positive eﬀects on the polarisation ratio with
the right surface properties to obtain the ﬁbres. As such, the ideal substrate
may be diﬀerent for other molecular assemblies.
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The ﬂuorescence microscopy probe, described in chapter 5, was used
to develop single nanocrystal spectroscopy in magnetic ﬁelds up to
33T. We present the ﬁrst, preliminary results of these experiments,
which show typical single nanocrystal luminescence eﬀects such as
blinking and spectral diﬀusion. The high ﬁeld single quantum dot
experiments could not reveal a magnetic ﬁeld dependence in the en-
ergy position of bright or dark excitons, nor a change in intensity
of their emissions. Furthermore, we used the polarised emission of
quantum rods to determine their 3D orientation in a matrix and
found that the rods are randomly oriented. We provide a list of
modiﬁcations for the probe that will enable future experiments to
be more successful. This opens the way to explore nanocrystals and
other systems in greater detail at the single object level with high
magnetic ﬁelds as a powerful tool for manipulation and investiga-
tion.
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7.1 Introduction
Semiconductor nanocrystals (NCs) are appealing to many ﬁelds of science be-
cause of their size dependent optical properties [1], which can easily be altered
during the NC synthesis [2]. Besides the application of NCs in bio-labelling [3],
light emitting diodes [4] and lasers [5], they are also of interest for the study
of low dimensional systems (0D and 1D) [6]. We use polarised ﬂuorescence
microscopy to study the polarised emission of single nanocrystal quantum rods
(NQRs) at room temperature and use their polarisation to determine their ori-
entation in a polymer matrix. Furthermore, we employ ﬂuorescence microscopy
and spectroscopy in high magnetic ﬁelds to study the exciton ﬁne structure of
single nanocrystal quantum dots (NQDs). We present the, to our knowledge,
ﬁrst single NQD spectra in magnetic ﬁelds up to 20T. Due to the limited num-
ber of observed NQDs the statistical signiﬁcance of these results is rather low,
but the success of these experiments opens the way to study many diﬀerent
systems at a single object level in high magnetic ﬁelds.
In the ﬁrst part of this thesis we discussed the size dependent optical prop-
erties of both NQDs and NQRs and the temperature and magnetic ﬁeld de-
pendence of the exciton ﬁne structure in these NCs. We have shown that the
photoluminescence (PL) of NQDs results from the competition of diﬀerent re-
combination processes. We have shown that present models only include some
of these processes and therefore are unable to fully describe the results of our
experiments. We have also seen that polydispersity of the sample makes it
diﬃcult to study the PL properties. Typical size distributions after synthesis
are 5-10%, which broadens the PL spectrum of the NCs to 70-100meV (see
chapters 3 and 4). This makes it diﬃcult to gather information on the exciton
ﬁne structure and recombination processes of the diﬀerent excitonic states. Flu-
orescence Line Narrowing (FLN) is a technique that selects a subset of the NC
ensemble by exciting resonantly in the bright exciton level. This partially re-
solves the ﬁne structure and allows the distinction between phonon assisted and
other recombination processes, however the broadening is still large and hides
eﬀects of morphology, size, orientation, local environment etc. Interpretation
of the ﬁeld dependent FLN results is further complicated by the fact that the
energy of the bright exciton state changes with magnetic ﬁeld and therefore the
selected subensemble changes. Only a study of the optical properties of NCs on
a single NC level, can reveal how the exciton ﬁne structure and its properties
depend on the fore mentioned parameters.
Previous single NC studies have revealed that PL of single NCs displays
many of the eﬀects know from single molecule studies, such as blinking [7,
8] and spectral shifting [9, 10] – also known as spectral diﬀusion or spectral
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jumping. Furthermore, optical properties such as ultranarrow line widths [11],
giant Overhauser shifts [12] and the quantum conﬁned Stark eﬀect [10] have
been found. Systematic studies of these eﬀects have provided insight into the
origin of these eﬀects and their relation to the properties of the NCs, see [13]
for a review.
We performed PL experiments at the single NC level, to overcome broaden-
ing of the peaks due to ensemble averaging, and further investigate the exciton
ﬁne structure in NQDs and NQRs. At zero magnetic ﬁeld we used the polarised
emissions of NQRs to study their orientation in a matrix. In the NQD exper-
iment we employ magnetic ﬁelds to lift the degeneracy of the dark and bright
excitons and to study the interplay between phonon assisted and zero phonon
transitions (chapter 3). Because of the limited number of NCs that were ob-
served, it was impossible to obtain results that are statistically valid. The pros
and cons of the experiment have been evaluated and a number of suggestions
for improvements are condensed into the outlook of this chapter.
7.2 Polarised single NQRs
It has been shown that the PL of single NQRs exhibits a strong polarised
character [14], which can be understood in terms of the NQR exciton ﬁne
structure [15]. As such, the orientation of a single NQR can be determined
from its polarised emission. We record polarised PL images of single NQRs
at room temperature. Besides oﬀering a real test of the capabilities of the
setup, this experiment also allows us to characterise the optical properties of
our samples.
7.2.1 Experimental details
We prepared a dilute solution of the NQRs described in chapter 4 in toluene
and added 3wt-% poly(methyl methacrylate) (PMMA). A few droplets of this
solution were spin-coated on a clean sheet of fused-silica. Sheets of fused-
silica were cleaned in a standard cleaning procedure, consisting of four stages.
First the fused-silica was sonicated in acetone for 20minutes. After drying the
pieces with nitrogen gas, they were placed in a 10% sodium-hydroxide (NaOH)
solution for 5minutes. This step was repeated for another 5 minutes with a
fresh NaOH-solution. In the third step we used pure water (Milli-Q water), in
which the fused-silica pieces were sonicated for 30minutes. Finally, the pieces
were placed in a photon-reactor and exposed to UV-radiation and ozone for at
least one hour.
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The concentration of NQRs in the solution was such that individual NQRs
could be resolved on a low PL background, using the polarised ﬂuorescence
microscope (FM) described in chapter 5. The excitation wavelength in these
experiments was the blue line of an Argon-laser (457.9 nm, 2.7 eV). Lumines-
cence from the sample was collected by a 100×, 0.90 NA Zeiss air objective and
imaged on an intensiﬁed CCD camera by a 1m focal-distance lens. This com-
bination of objective and image lens yielded a total magniﬁcation of 608×. To
analyse the polarisation of the NQR emission, we mounted a Wollaston-cube
on a motorised rotator and placed it directly in front of the CCD camera. The
Wollaston-cube splitted the real-space polarised image of the sample into two
separate images, which emerged at a small angle from each other. The distance
between Wollaston-cube and CCD camera was kept small, so we could record
the two perpendicularly polarised images simultaneously (ﬁgure 7.1).
On a single rod level, polarisation measurements can easily be compromised
unless extra precautions are taken. It is well-known that the luminescence of
single nanocrystals displays intermittency or blinking, i.e. the luminescence has
an on and oﬀ state and the NQR switches between these states not unlike a
random telegraph [8, 13, 16]. Although blinking typically occurs on timescales
in the order of milliseconds, it is possible to observe blinking with a CCD expo-
sure time of half a second. However, because the exposure time is much larger
than the actual blinking, the on-oﬀ character of the luminescence is smeared
out. This results in diﬀerent on-level intensities, depending on the number of
on periods during the CCD exposure. These diﬀerent on-level intensities can
be seen in ﬁgure 7.1, which shows a typical CCD image of single NQRs Due to
this eﬀect, it is not possible to accurately measure the Degree of Linear Polar-
isation (DLP) by measuring two orthogonal polarisation sequentially, because
one can no longer distinguish intensity variations due to blinking from those
induced by polarisation eﬀects. By measuring two perpendicular polarisations
simultaneously we can make this distinction, thereby obtaining a reliable value
of the DLP of a single NQR. The dotted line in ﬁgure 7.1 separates the two
diﬀerent polarisation images that were recorded simultaneously. We refer to
the image above the dotted line as “horizontal” polarisation (HP) and below
the line is “vertical” polarisation (VP).
To extract the polarised image of an individual NQR from the CCD im-
age, we deﬁned a small region of interest, see the white box in ﬁgure 7.1. A
full polarisation series, as function of the angle of the Wollaston-cube, of an
individual NQR was then obtained from this region of interest in all recorded
images. A small (5 × 5 pixels) median ﬁlter was applied to remove spike noise
from the images. The total intensity in HP and VP was determined from the
sum of all intensities in the region of interest in both polarisations. We de-
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ﬁned the DLP by (IHP− IVP)/(IHP + IVP) and calculated it at each Wollaston
angle for nine individual NQRs. Figure 7.2 shows the results of this analysis
for four NQRs. The image sequence shows the extracted region of interest at
each Wollaston-cube angle in HP and VP. These sequences clearly show that
the emission of the NQRs is polarised. Figures 7.2a and b reveal that a high
intensity in VP coincides with a low intensity in HP and vice versa. The cal-
culated DLP is plotted for all angles and the data is ﬁtted by a standard sine.
Some data points, triangles in ﬁgure 7.2, were discarded in the ﬁt-procedure
based on additional information provided by the images, for instance because
the intensity was too low or the NQR had bleached.
Figure 7.1: CCD image of individual NQR in two perpendicular polarisa-
tions. The image above the dotted white line is referred to as “horizontal”
polarisation (HP) and below the line is “vertical” polarisation (VP). A small
white box surrounds the spot of the same single NQR in both polarisations
and indicates the size of the region of interest, used in the analysis.
109



















































































Figure 7.2: (a-d) The Degree of Linear Polarisation is shown as function
of the analyser orientation angle for diﬀerent NQRs. A set of FM images
displaying horizontal and vertical polarised emission, top and bottom row
respectively, of each NQR is included.
7.2.2 Exciton ﬁne structure and the polarisation of NQRs
The exciton ﬁne structure of NQRs, see chapter 2, describes four excitonic
states, of which one is dark and three are bright [15]. Two of the bright states
are degenerate (F = ±1) and are at a lower energy than the third bright state
(F = 0U). The lowest energy state in this ﬁne structure is a dark exciton
(F = 0L) and is therefore ignored in the following. The intensity of the bright
states is determined by multiplying population and transition probability of
each state. The level population is determined from a thermal distribution of
excitons over the diﬀerent states. The transition probability the exciton states
is given by equation (2.66), which shows that the transition probability of the
F = 0U exciton is 8 times larger than that of the F = ±1 excitons.
The transition probability calculation also reveals that the dipole moment
of the F = 0U exciton is along the c-axis of the NQR, while for the F = ±1 it is
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perpendicular to the c-axis. Because of the NQR anisotropy, form birefringence,
introduced in chapter 6 (page 89), strongly reduces the dipole moment of the
F = ±1 state. The dipole moment of the F = 0U exciton is nearly unaﬀected.
This dielectric suppression of the F = ±1 dipole moment is given by [15]
Rs =
(
εm + (εnqr − εm)N⊥
εm + (εnqr − εm)N‖
)2
, (7.1)
where εm and εnqr are the dielectric constants of the medium and the NQR. The
depolarisation coeﬃcients of the the electric ﬁeld parallel and perpendicular to














where a and b are the major and minor axes of the ellipsoidal NQR.
The DLP, which is deﬁned as (I‖ − I⊥)(I‖ + I⊥), is calculated taking into
account the exciton population, the relative transition probability and the di-
electric suppression. We deﬁne I‖ as the intensity of light with polarisation
vector in the plane spanned by the NQR c-axis and the observation direction
(greyish plane in ﬁgure 7.3a), and I⊥ is the intensity of light in a direction







sin2(θ) + x(1 + cos2(θ))
cos(2ϕ), (7.3)
where x = e(E0U−E±1)/kBT /4Rs, θ is the angle between c-axis and the observa-
tion direction and ϕ is the orientation in the sample plane. The θ-dependent
part of this relation describes the amplitude of the DLP obtained in our exper-
iment. The angle dependence of the DLP amplitude is shown in ﬁgure 7.3b,
which shows that at θ = 0, when the rod stands up-right, its emission is un-
polarised. As the angle between c-axis and observation direction increases, or
when the rod lies more ﬂat on the sample, we see more and more of the po-
larised emission of the F = ±1 excitons and the DLP increases. The dielectric
suppression decreases the maximum DLP. We use the obtained DLP to ﬁnd the
complete orientation of each individual NQR. The results are shown in table
7.1.
7.2.3 Discussion and Conclusion
Figure 7.2 clearly shows that the NQR emission is polarised and that the DLP
varies from rod to rod. Some rods are highly polarised, (7.2b and d), while
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Figure 7.3: (a) The greyish plane spanned by the observation direction and
the c-axis is the plane of I‖. (b) The amplitude of the DLP ranges from 0 at
θ = 0◦ to a maximum of 0.86 at θ = 90◦, where we used Rs = 4.1 [15].
NQR # DLP Angle ϕ Angle θ NQR # DLP ϕ θ
1 (Fig. 7.2a) 0.36 140◦ 21◦ 6 0.58 71◦ 28◦
2 (Fig. 7.2b) 0.73 102◦ 41◦ 7 0.64 90◦ 32◦
3 (Fig. 7.2c) - - - 8 0.54 62◦ 25◦
4 (Fig. 7.2d) 0.60 24◦ 29◦ 9 - - -
5 - - -
Table 7.1: DLP and the Wollaston-cube angle of maximum DLP for a number
of individual NQRs.
others have a low DLP, (7.2a), or are not polarised at all, (7.2c). Compared to
earlier reports [14], we ﬁnd a large variety in DLP-values. However, in these
earlier experiments by Alivisatos et al. [14], the NQRs were not embedded in a
matrix. The rods then prefer to be ﬂat on the substrate, and the angle between
c-axis and observation direction is therefore always close to 90◦. At those angles
the DLP does not vary much, see ﬁgure 7.3b. By embedding the NQRs in a
PMMA matrix, we do not impose a preferential orientation for the c-axis. The
NQRs can assume any arbitrary orientation, which results in a variation of the
DLP amplitude.
In conclusion we have shown that we can measure the DLP of single NQRs
using polarised ﬂuorescence microscopy. We ﬁnd a strongly polarised lumines-
cence of these rods, which is explained by the exciton ﬁne structure model that
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links the DLP to the orientation of the rod. As such, we can determine the 3D
orientation of single NQRs from their DLP and its angle dependence. We ﬁnd
a variation in the orientation from rod to rod, which can be understood from
the basic orientational freedom of the NQRs in the PMMA matrix.
7.3 Single NQD magneto-PL spectroscopy
Below we report the ﬁrst results of photoluminescence spectroscopy on single
nanocrystal quantum dots in high magnetic ﬁelds. We performed these experi-
ments on the same NQDs as those used in the experiments described in chapter
3. This allows us to compare the single NQD PL properties with earlier ensem-
ble (non-resonant PL) and subensemble (FLN) PL properties.
7.3.1 Experimental details
A dilute solution of CdSe/CdS core/shell NQDs (“QD1”, see chapter 3) was
prepared in toluene with 3wt-% PMMA. Samples were made by spin-coating a
few droplets of this solution on clean slabs of fused-silica. The cleaning proce-
dure for these slabs was described in the previous section. The concentration of
NQDs was such that individual NQDs could be resolved on a low background.
The sample was mounted on the microscopy probe described in chapter 5, which
was placed in a bath cryostat on a 33T Bitter-type electromagnet. A quarter-
wave plate converted the circularly polarised luminescence to linear polarisation
and a Wollaston cube then splitted the two polarised images. We thus simul-
taneously measured the two circularly polarised luminescence spectra of the
NQDs at 4.2K in magnetic ﬁelds up to 20T. The excitation laser light was
provided by the blue line (457.9 nm) of an Argon-laser. The luminescence of
the NQDs was collected with a 40×, 0.65 NA Melles Griot air objective. An
image was made on an intensiﬁed CCD camera using a 1m focal-distance imag-
ing lens. The total magniﬁcation of the microscope was 217×. The image was
deﬂected on the entrance slit of an imaging monochromator with a grating of
1200 grooves/mm to measure single NQD spectra on a liquid nitrogen cooled
CCD camera in 60 second exposures.
The left-hand side panels of ﬁgure 7.4 show the raw CCD image (ﬁgure 7.4a)
and the extracted spectra (ﬁgure 7.4c) at zero magnetic ﬁeld. The CCD image
shows two stripes of PL above each other, which are perpendicularly polarised
and are designated σ1 and σ2. We observe three peaks, which reveal themselves
in the image as bright white spots, and use the energy diﬀerence between the
peaks to identify them as the bright F = ±1L (1), the dark F = ±2 (2) and the
ﬁrst phonon replica (3) of the dark exciton state.
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Figures 7.4b and d show a CCD image and the extracted spectra of the same
NQD at 5T. We do not observe any shift of peak positions with ﬁeld, but we
do ﬁnd a change in relative intensity of the peaks in the diﬀerent polarisations,
from which we determine a Degree of Circular Polarisation (DCP). The inset of
ﬁgure 7.4d shows the evolution of the DCP with magnetic ﬁeld of the F = ±1L
line (peak 1) for this NQD. The DCP behaviour is rather erratic, although for
this speciﬁc NQD it seems to grow to a value of about −0.3 at 15T.
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Figure 7.4: (a,b) The two circularly polarised spectra of a single NQD as
they are recorded by the CCD camera at two diﬀerent magnetic ﬁelds, namely
0 and 5T, (a) and (b) respectively. (c,d) The binned spectra at 0 and 5T,
(c) and (d) respectively. The inset of (d) shows the evolution of the DCP for
peak 1 with magnetic ﬁeld.
We recorded the polarised single NQD PL spectra of a total of ten individual
NQDs in magnetic ﬁelds up to 20T. Each of these spectra shows three peaks,
with energy splittings of 9-10meV between the ﬁrst (F = ±1L) and second
(F = ±2) peak and of 25-26meV between the second and third (F = ±2 phonon
replica) peak. A magnetic ﬁeld induces a polarisation, but we ﬁnd that both
sign and magnitude of the DCP diﬀer from dot to dot. For some NQDs we
even observe a non-zero DCP at zero magnetic ﬁeld.
Figures 7.5a to d show single NQD spectra at magnetic ﬁelds between 15
and 6T in both circular polarisations, measured in a ﬁeld dependent series
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started at 19T and going down in 1T steps. Because of the 60 second exposure
time, this ﬁeld dependent series can also be looked upon as a time evolution
series. The spectra clearly show what is known as spectral diﬀusion or spectral
jumping [11,13,17]. We ﬁnd that the energy position of the peaks in the single
NQD spectrum jumps up and down in time. These spectra show two diﬀerent
sets of peak position of the three single NQD peaks, marked by the dashed
and dotted lines. At 15T the spectrum is at the position labelled P1; four
minutes later, at 11T, it is at position P2. A minute later a jump occurred
during the exposure, and we ﬁnd peaks at both P1 and P2. At 6T, some nine
minutes later, the spectrum is again at P1. Figure 7.5e shows the evolution of
peak position of all three peaks in the single NQD spectrum with magnetic ﬁeld
(time) and clearly distinguishes the two spectral positions. We do not observe
a splitting of the peak energy with magnetic ﬁeld. The DCP for this NQD (not
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Figure 7.5: (a-d) Single NQD spectra at diﬀerent magnetic ﬁeld strengths,
15, 11, 10 and 6T respectively, in two diﬀerent circular polarisations σ1 and
σ2, black and grey lines respectively. (e) Peak positions of the three peaks
in the single NQD spectra for σ1 polarisation. (f) Energy splitting between
the ﬁrst and second peak (squares) and between the second and third peak
(triangles) in each spectrum for both polarisations (open and ﬁlled symbols).
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7.3.2 Discussion
We determined the peak position of all peaks in the recorded single NQD spectra
and calculated the energy splitting between the peaks. For one of these, the
resulting energy splitting between the ﬁrst and second and second and third
peak is shown in ﬁgure 7.5f. The results shown in this ﬁgure are typical for all
measured NQDs. We ﬁnd that the energy splitting between the ﬁrst and second
peak is 9-10meV. For the splitting between the second and third peak we ﬁnd
a value of 25-26meV. These values coincide well with the bright-dark splitting
and the LO phonon energy, identifying the highest energy peak as the bright
F = ±1L exciton, the second peak as the dark F = ±2 exciton and the third
peak as the ﬁrst phonon replica of the dark exciton. The obtained spectra are
very similar to those reported in literature [11], although the spectra in that
report only reveal a dark exciton line and its phonon replica. The third line, at
higher energy, which we identiﬁed as the bright exciton luminescence is rarely
seen for NQDs, but has been observed in single NQR spectra [18]. Furthermore,
we note that the bright-dark splitting observed in these single dot experiments
is about twice as large and the bright-dark splitting observed in the resonant
photoluminescence (FLN) experiments on NQDs of the same production batch,
discussed in chapter 3. As for the cause of this diﬀerence, we can only speculate.
A possible explanation might be that the NQDs became slightly prolate due to
oxidation in the period between the single NQD and FLN experiments, which
would result in a smaller value of Δbd.
The magnetic ﬁeld dependence of our results remains somewhat of an e-
nigma. We do not observe a signiﬁcant energy splitting of the peaks and the
changes in peak intensity seem completely arbitrary and random. The exciton
ﬁne structure model suggests that these results are contradictory, since the
model predicts these eﬀects are complementary, i.e. at maximum splitting there
is no mixing and vice versa. However, in chapter 3 we already concluded that
this model lacks aspects such as surface state or phonon assisted transitions
and can thus only give a qualitative description of the exciton ﬁne structure
and its optical properties. Still, the FLN experiments revealed that the Zeeman
splitting of the F = ±1L exciton is about 0.11meV/T. Although this splitting
is close to the 0.15meV/T predicted by the model, it is also well within the
experimental resolution, which is 0.4-0.5 meV. Taking into account that most
of the ﬁeld dependent measurements only covered a 5 to 10T interval, this
splitting would just barely exceed our resolution. To increase the resolution in
the spectra would require the use of larger focal length spectrograph. However,
as the resolution increases the intensity of the spectrum will go down, decreasing
the signal to noise ratio. Obviously, there is a trade-oﬀ here between resolution
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and intensity. As for the changes in intensity of the bright and dark exciton
peak due to mixing, our results do not reveal a self-consistent magnetic ﬁeld
dependence. The observed changes in intensity appear to be random. Given
the fact that blinking occurs in NQDs as well as it does in NQRs, it seems
likely that the observed intensity changes are the result of blinking rather than
mixing. Therefore, on a single NQD level, the intensity appears not to be
the most accurate measure of the ﬁeld dependence of bright and dark exciton
mixing.
Aside from the resolution issue, a clean measure of the Zeeman splitting
is also hindered by the observed spectral jumping. Energy shifts similar to
those resulting from spectral jumping can be induced by an external electric
ﬁeld, which causes the spectrum to shift due to the quantum-conﬁned Stark
eﬀect [10, 19]. Initially, it was believed that the polarisability of the surround-
ing matrix caused the spectral jumping, however more recent work revealed
that that spectral jumping is independent of the matrix. It was therefore sug-
gested that the responsible reorganisation of charge occurs on the surface of
the quantum dot or at the core-shell interface [13]. This is supported by the
work of Mu¨ller et al. on spherical quantum dots in a rod-like shell. This sys-
tem which breaks the symmetry of the surface charge, and shows tuneable Stark
shifts [20]. Additionally, spectral jumping has been shown to be linked to blink-
ing processes, where correlation experiments revealed that large shifts usually
occur when the NQD switches from oﬀ to on [21]. Furthermore, it has been
shown that changing the excitation energy from 2.164 to 2.412 eV, wavelengths
of 573 and 514 nm respectively, results in an increase of the linewidth of the
peaks in the single NQD spectrum. This suggests that the magnitude of the
shift depends on the excess excitation energy [17]. All in all, these results from
literature indicate that there are handles available to reduce spectral jumping.
We ﬁnd that to obtain a clean measure of the Zeeman splitting, spectral jump-
ing needs to be reduced to zero, which may be accomplished by combining the
eﬀects discussed above.
7.3.3 Conclusion & outlook
We have shown the ﬁrst results of polarised single NQD spectra in high mag-
netic ﬁelds, up to 20T. Typical single NQD spectra show three distinct peaks
and based on the energy splitting between these peaks we conclude that they
originate from the bright F = ±1L exciton and from the dark F = ±2 and its
ﬁrst phonon replica. We have not observed a signiﬁcant splitting of these peaks
in a magnetic ﬁeld, nor have we seen intensity changes that indicate mixing of
the bright and dark excitons. Due to the small number of measured NQDs the
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statistical signiﬁcance of these results is rather low.
Although at this time we can only present preliminary results of single NQD
spectroscopy, the fact that we were able to observe single NQDs in magnetic
ﬁelds using a ﬂuorescence microscopy setup that extended itself over two ﬂoors,
with an optical path length close to eight metres, is an important milestone.
We have already discussed some of the experimental shortcomings, which re-
sult from the sample, i.e. spectral jumping, or possibly from the setup, i.e.
spectral resolution. New insights and ideas on further improvements have been
developed while using the setup. For instance the remaining background signal
in the images is mostly due to reﬂections of the excitation laser beam oﬀ the
probe’s brass tube (ﬁgure 5.3, page 76). These could be reduced to a minimum
by constructing the tube out of a dull, non-reﬂecting material such as ﬁbreglass.
As for the now limited ﬁeld range over which a single NQD could be observed,
we have recently learned that this is due to movement of the sample holder with
respect to the objective, as a result of magnetic forces working on the sample
holder. This issue can be solved by changing the design of the microscopy probe
such that the objective and sample holder are mounted on the same supporting
structure. Additionally, constructing the objective and sample holder out of a
non-magnetic material, such as titanium or a high density plastic, will reduce
the magnetic forces to a minimum. Application of these modiﬁcations opens
the way for a more systematic study of the photoluminescence properties of
any single ﬂuorescent object. In the speciﬁc case of nanocrystal quantum dots,
rods or even more exotic shaped crystals, this allows further investigation of
the nature of the excitonic states in these nanocrystals.
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Dit proefschrift is het resultaat van het onderzoek dat ik de afgelopen jaren
gedaan heb. Daarbij zocht ik naar een antwoord op de vraag wat de relatie is
tussen de interne structuur en de optische eigenschappen van nanostructuren.
Dit proefschrift beschrijft de experimenten die hiervoor gedaan zijn, de analyse
daarvan en wat we daarbij uiteindelijk geleerd hebben. Omdat ik dit proef-
schrift zie als een manier om de kennis die ik opgedaan heb te delen, wil ik in
dit hoofdstuk een vereenvoudigde beschrijving geven van de inhoud van mijn
proefschrift.
Nanostructuren
Dit proefschrift gaat over een studie aan nanostructuren. Nano is een voor-
voegsel om grootte aan te geven, uit de reeks milli, micro, nano, enzovoort.
Nano betekent het miljardste deel. Een nanometer is dus een miljardste deel
van een meter, maar pas op: een nanostructuur is niet het miljardste deel van
een structuur! Met een nanostructuur bedoelen we een structuur die in een of
meerdere richtingen (lengte, breedte of hoogte) een afmeting heeft van 1–100
nanometer. Die nanostructuren kom je overal tegen in je tv, je computer, je mo-
bieltje, enzovoort. Sterker nog, je bestaat zelf uit een gigantische verzameling
van nanostructuren.
De meest bekende daarvan is misschien wel het DNA dat in elke cel van je
lichaam zit. Een DNA molecuul is een lange keten van bouwstenen en heeft een
diameter van slechts enkele nanometers. De totale lengte van de keten is een
paar meter. Als die ketens zomaar zouden rondslingeren, zou je snel met jezelf
in de knoop zitten. Daarom is de keten ook netjes opgerold tot een kluwen,
die bewaard wordt in een afgeschermd deel van de cel. Een cel bevat nog meer
structuren en houdt die allemaal bij elkaar. Cellen hebben een diameter van
enkele micrometers en zijn dus ongeveer duizend keer groter dan het DNA. Het
zijn dan ook geen nanostructuren maar microstructuren. Toch is een enkele cel
nog zo klein, dat je ze met het blote oog niet kunt zien. Met een microscoop
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lukt het wel, je kunt dan zelfs zien dat er nog kleinere structuren in de cel
zitten, zoals bijvoorbeeld de kluwen DNA. Als je wil zien hoe het DNA zelf in
elkaar zit, dan laat echter ook de optische microscoop je in de steek. Het DNA
is zo ontzettend dun, dan je zelfs met de grootste vergroting nog niet kunt zien
hoe het opgebouwd is.
Dat is een algemeen probleem bij nanostructuren; ze zijn zo klein dat je
niet meer kunt zien hoe ze opgebouwd zijn. Dat komt doordat ze zo klein zijn
dat het licht dat je gebruikt om ze te bestuderen “niet meer kan zien” wat er
in de nanostructuur zit. Je kunt het vergelijken met een sjoelbak. De gaten in
de poortjes zijn net iets groter dan de sjoelstenen, dus als je goed mikt gaat
je steen door het poortje. Mik je net naast het poortje dan komt de steen
terug gestuiterd. Stel nu dat we de sjoelbak van boven dicht maken. Als je nu
steeds recht op de plaat met de poortjes mikt, merk je dat op sommige plaatsen
(recht voor het poortje) de steen niet terug komt en op alle andere plaatsen wel.
Op deze manier kun je met de sjoelstenen uitzoeken waar er gaten in de plaat
zitten. Maar wat nu als ik je stenen geef die twee keer zo groot zijn als de gaten.
Dan komen alle stenen terug, waaruit je concludeert dat er geen poortjes in de
wand zitten.
Als we dus toch licht gebruiken om de nanostructuren te bestuderen, dan
moeten we dat op een slimme manier doen. We hebben namelijk een trukendoos
tot onze beschikking waarmee we licht kunnen manipuleren. Welke truuk we
gebruiken, hangt af van wat we precies willen weten e´n van de nanostructuur
zelf. In dit proefschrift worden twee soorten nanostructuren bestudeerd. In
hoofdstuk 6 bekijken we lange moleculaire draden en in de hoofdstukken 2,
3, 4 en 7 bestuderen we kristalletjes van halfgeleidende materialen. Voor de
nieuwsgierigen onder u, hoofdstuk 1 is een algemene inleiding en hoofdstuk 5
beschrijft de opstelling die bij dit onderzoek gebruikt is.
Moleculaire draden
Hoe moleculaire draden ontstaan
Laten we eerst eens kijken naar de moleculaire draden in hoofdstuk 6. Ik heb
het net al even over DNA gehad, een lange keten van bouwstenen die onze
erfelijke informatie draagt. Moeder natuur is erg goed in nanostructuren. Of
het nu gaat om informatie opslaan of zonne-energie gebruiken (fotosynthese),
natuurlijke nanostructuren zijn ontzettend eﬃcie¨nt. Al enkele decennia dient
de natuur dan ook als inspiratiebron voor veel onderzoekers in hun zoektocht
naar eﬃcie¨nte nanostructuren. De moleculaire draden, of ﬁbers, uit hoofdstuk
6 zijn hierop geen uitzondering.
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Moleculaire nanostructuren bestaan uit heel veel moleculen die op de een
of andere manier aan elkaar geplakt zitten. Of moleculen aan elkaar plakken
tot een supramoleculaire structuur is afhankelijk van de balans tussen de aan-
trekkende en afstotende krachten tussen de moleculen. Als de aantrekkende
krachten winnen, vormen de moleculen uit zichzelf, dus zonder externe sturing,
een superstructuur. Dit proces noemen we zelfassemblage. De grote droom is
om een molecuul zo te ontwerpen dat de moleculen samen een, van te voren
bedachte, superstructuur vormen. Om de kwaliteit van zo’n superstructuur
te controleren, moet je wel kunnen bepalen hoe de moleculen in de structuur
geordend zijn.
Op pagina 85 van hoofdstuk 6 staat ﬁguur 6.1. De ﬁguur geeft schematisch
weer hoe het proces van aan elkaar plakken werkt in de draden. We hebben
het molecuul weergegeven als een blauwe balk met een rood kopstuk (ﬁguur
6.1b). Aan de kop zitten vier pootjes, die als klittenband werken. Een tweede
molecuul kan er aan vast plakken (ﬁguur 6.1c) en zo’n paartje van aan elkaar
geplakte moleculen stapelt zich dan op tot de “wenteltrap” in ﬁguur 6.1d. Die
wenteltrapjes vormen uiteindelijk hele lange draden als je ze op een onderplaat
van graﬁet legt. Met een aftastmicroscoop kun je zo een plaatje letterlijk aftas-
ten en voelen waar de draden liggen en hoe hoog ze zijn. Figuur 6.1e laat wat
draden zien die zichtbaar gemaakt zijn door de aftastmicroscoop. De doorsne-
de in ﬁguur 6.1f toont aan dat de hoogte van de draden 5 nanometer is, wat
overeenkomt met de lengte van twee aan elkaar geplakte moleculen.
De orie¨ntatie van moleculen in een draad meten
Helaas kan ook de aftastmicroscoop ons niet laten zien hoe de moleculen nu in
de draad zitten. We gebruiken daarom een eigenschap van de losse moleculen.
Deze moleculen zijn namelijk ﬂuorescent; als we ze met blauw licht bestralen
geven ze oranje-rood licht terug. Nu heeft licht behalve een speciﬁeke kleur ook
nog een eigenschap die we polarisatie noemen. Bij polarisatie moet je denken
aan je polaroid zonnebril. De polarisatie van licht is een trillingsrichting die in
het licht zit. Als de polarisatie bijvoorbeeld verticaal is, dan staat er in het licht
iets in een verticale richting te trillen. Polarisatie staat dus helemaal los van de
plaats waar het licht vandaan komt of waar het heen gaat. De polaroid zonnebril
verandert dan ook niets aan het beeld dat je ziet, maar wel wat aan het licht
dat je ziet. De bril werkt als een ﬁlter voor een bepaalde trillingsrichting en
laat slechts e´e´n richting door. De andere richtingen worden tegengehouden, en
dat dimt het licht.
De polarisatie van het licht dat van de moleculen in onze draden komt, wordt
bepaald door hoe het molecuul op de graﬁetplaat ligt. Door de polarisatie van
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dat licht te bepalen met een soort polaroid ﬁlter, kunnen we bepalen wat de
orie¨ntatie is van de moleculen in de draad. De ﬁguren 6.3a1 en a2 op pagina
87 tonen opnames van een aantal draden. In het linkerplaatje (6.3a2) heeft het
ﬁlter al het licht dat verticaal gepolariseerd is, doorgelaten. Het rechterplaatje
(6.3a2)toont hetzelfde gebiedje op de graﬁetplaat, maar nu met het licht dat
horizontaal gepolariseerd is. De kleuren geven de helderheid van de draden aan;
donker is zwart en dan gaat het via blauw, groen, geel en rood naar wit, wat
heel helder betekent.
Je ziet al dat deze draden helderder zijn in het linkerplaatje. Het licht is
dus voornamelijk verticaal gepolariseerd. Door nu deze twee opnames te com-
bineren tot een nieuw plaatje, kunnen we de mate van polarisatie zichtbaar
maken. We hebben een nieuwe kleurenschaal gemaakt die polarisatie van het
licht aanduidt. Op deze schaal betekent rood dat het licht puur verticaal gepo-
lariseerd is. Groen betekent dat het licht puur horizontaal gepolariseerd is. Een
willekeurige polarisatie wordt dan aangeduid door de horizontale en verticale
bijdrages om te zetten in rood en groen; evenveel van alle twee de polarisaties
levert dan de kleur geel op. De kleurschaal staat in ﬁguur 6.3c. Het rode en
groene kader om de draad linksonder op de opnames in 6.3a1 en a2 laten dit
zien. We rekenen de helderheid van de draad in allebei de kaders om naar een
bijdrage rood en groen en mixen die samen tot een kleur in het gele kader.
Omdat deze draad helderder is in de opname met verticaal gepolariseerd licht,
krijgt ze uiteindelijk een meer rode kleur.
Figuur 6.3d laat zien dat een draad die in de andere richting ligt een duide-
lijke groene kleur krijgt. Hetzelfde geldt voor de draad in ﬁguur 6.3e, al zit hier
een kleine rode vlek in. De kleurcodering van de polarisatie laat dus snel zien
hoe het licht dat van een draad komt, gepolariseerd is. We kunnen er natuurlijk
ook een getalletje aan vast hangen. Daarvoor berekenen we de verhouding R
(van ratio) van de helderheid in verticale en horizontale polarisatie. Als alle
moleculen in de draad netjes naast elkaar zitten, dan zou de polarisatie verhou-
ding heel hoog moeten zijn. Figuur 6.4 laat de polarisatie verhouding zien voor
een aantal draden. In deze ﬁguur hebben we de verhouding uitgezet tegen de
orie¨ntatie van de draad. We zien dan dat er een verband is tussen de orie¨ntatie
van de draad en de richting van de polarisatie. De verhouding is echter aan
de lage kant, dat zou kunnen betekenen dat de moleculen heel rommelig in de
draad liggen.
Orde of wanorde?
Om te bepalen of er orde of wanorde heerst in de draad, hebben we een mo-
del gemaakt om polarisatieverhouding uit te kunnen rekenen. Hoofdstuk 6
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gaat verder met het beschrijven van dat model. Ons model berekent eerst de
polarisatieverhouding van een enkel molecuul met een bepaalde willekeurige
orie¨ntatie. Vervolgens berekenen we de polarisatie van een hele draad door
de draad op te bouwen uit moleculen, zie ﬁguur 6.6. Daarbij gebruiken we de
veronderstelde inwendige structuur van de draad (ﬁguur 6.1d). Bij deze bereke-
ningen hebben we ontdekt dat de eigenschappen van de plaat, waar de draden
op liggen, erg belangrijk is. Een deel van het licht dat de draden uitzenden
wordt namelijk gereﬂecteerd via de plaat. Afhankelijk van het materiaal van
de plaat kan dat je helpen of juist tegenwerken.
Figuur 6.6 (pagina 95) laat zien wat er gebeurt bij verschillende materialen.
De plaatjes laten zien in welke richting er licht uitgezonden wordt door een
molecuul dat langs de x-as staat (bovenste plaatjes) en door een molecuul dat
langs de z-as staat (onderste plaatjes). Hoe groter de oranje vorm, hoe helderder
het licht is dat die kant op gaat. De pijltjes geven aan hoe de polarisatie staat:
voor de bovenste plaatjes is dat langs de x-as. Bij de plaatjes in de onderste
rij zien we dat de pijltjes tegen elkaar in wijzen. De uiteindelijk polarisatie
wordt bepaald door hoeveel pijltje er dezelfde kant op wijzen. Bij de bovenste
rij plaatjes in de polarisatie dus hoog, want alle pijltjes wijzen langs de x-as. In
de onderste rij plaatjes staan alle pijltjes in paartjes naar elkaar te wijzen. Er
is dus geen richting die de overhand heeft. Hier is de polarisatie dus heel laag.
Dat is erg vervelend, want als er veel ongepolariseerd licht uitgezonden
wordt en maar weinig gepolariseerd licht, dan gaat de polarisatieverhouding
sterk omlaag. Bij onze metingen was de plaat van graﬁet (HOPG), dus moeten
we naar de twee rechtse plaatjes kijken, 6.6c. We zien dat we dan in een zeer
ongunstige situatie komen. Er is bijna geen gepolariseerd licht en juist heel veel
ongepolariseerd licht. Als we nu uitrekenen wat dat betekent voor de polarisa-
tieverhouding van het licht van de hele draad, dan vinden we lichtblauwe lijn in
ﬁguur 6.9 (op pagina 98). We zien dat onze meetpunten goed op deze lijn lig-
gen. Daaruit concluderen we dat de lage polarisatieverhouding niet komt door
wanorde in de draad, maar door tegenwerkende reﬂecties van de plaat graﬁet
waar de draad op ligt. Dat betekent dus dat de draden ordelijk opgebouwd zijn
en zelfs precies zoals weergegeven in ﬁguur 6.1.
Misschien vraagt u zich nog af hoe het dan zit met die open rode en groene
rondjes in ﬁguur 6.9, want die liggen helemaal niet op de lichtblauwe curve. Deze
meetpunten komen van de draden uit ﬁguur 6.3f. Hierin zien we vier draden
die een vreemde “polarisatie kleur” gekregen hebben. We vermoeden dat bij
dit viertal de “wenteltrapjes” (zie ﬁguur 6.1d) niet netjes op elkaar aangesloten
liggen, waardoor het plaatselijk een warboel is binnen in deze draden. Daardoor
hebben ze ook een vreemde polarisatie gekregen. Het verkeerd stapelen van
“wenteltrapjes” tot een lange draad, komt dus wel eens voor. De rode vlek
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in de verder groen gekleurde draad in ﬁguur 6.3c laat dat duidelijk zien. De
oorzaak hiervoor is waarschijnlijk een imperfectie in de oppervlakte van de plaat
waar de draden op liggen.
Nanokristallen
Het wat en waarom van nanokristallen
De andere soort van nanostructuren die in dit proefschrift beschreven worden,
zijn nanokristallen. Dit zijn kleine kristallen die in allerlei vormen gemaakt kun-
nen worden, zoals bollen, staven, driepoten en vele andere. In dit proefschrift
zijn ze opgebouwd uit cadmium- en selenide-atomen, twee halfgeleider materi-
alen. We onderzoeken bol- en staafvormige kristallen. De bolletjes, die we ook
wel nanokristallijne quantum dots (NQDs) noemen hebben een diameter van
3,6 nanometer1. De staafjes, ook wel nanokristallijne quantum rods (NQRs)
genoemd, hebben dezelfde diameter en een lengte van zo’n 11 nanometer. Op
pagina 41 staat een electronenmicroscoop plaatje van de NQDs en op pagina
55 vind je zo een plaatje van de NQRs.
Wat deze nanokristallen zo interessant maakt, is het licht dat ze uit kunnen
stralen. De kleur daarvan wordt namelijk bepaald door de grootte en de vorm
van de kristallen. Daarbij zijn deze kristallen ook nog eens erg eﬃcie¨nt in het
uitstralen van licht. Deze twee eigenschappen maakt ze dan ook erg interessant
voor onder andere gebruik in gekleurde LED-verlichting. Daarvoor moeten we
nanokristallen van elke gewenste grootte en vorm kunnen maken en moeten we
weten hoe de kleur van het licht bepaald wordt door deze twee parameters.
Vooraf bepalen hoe groot de nanokristallen worden, is tegenwoordig al goed
mogelijk. De kristallen groeien door de beginstoﬀen op te lossen en die oplos-
singen bij elkaar te mixen bij de juiste temperatuur. Door de temperatuur te
verlagen, kan de groei van de kristallen op elk moment gestopt worden. De
vorm van de kristallen wordt bepaald door een aantal zaken. De samenstelling
van de beginstoﬀen en de precieze groeiomstandigheden spelen daarbij een be-
langrijke rol, die we steeds beter begrijpen en onder controle hebben. Helaas
begrijpen we nog altijd niet precies hoe de kleur van het licht nu bepaald wordt
door vorm en grootte. Er is al veel onderzoek gedaan naar die relatie, maar er
zijn nog altijd een paar probleempjes. In de hoofdstukken 3, 4 en 7 beschrijven
we experimenten die moeten helpen bij het oplossen van die problemen.
1Leg er 10.000 op een rij en het rijtje is net zo dik als een haar.
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Over spectroscopie en ladders
In die experimenten doen we optische spectroscopie. Dat betekent dat we gaan
kijken welke kleuren licht er door de nanokristallen uitgezonden worden. We
meten daarvoor de helderheid van het licht voor alle kleuren die er zijn. Een
plaatje waarin die helderheid uitgezet is tegen de kleur (of de energie) van het
licht noemen we een spectrum. We kijken dus niet meer in detail naar waar
het licht vandaan komt, zoals we deden bij de experimenten aan de moleculaire
draden.
Nu klinkt de term spectrum misschien een beetje vaag, maar ik weet zeker
dat je al eens een spectrum gezien hebt. Met een beetje geluk zie je namelijk een
spectrum van het zonlicht na een regenbui, al noemen we dat dan meestal een
regenboog. De waterdruppels die dan in de lucht hangen breken het zonlicht
op in alle verschillende kleuren en tonen zo de helderheid van elke kleur uit het
zonlicht. Er zijn ook droge manieren om een spectrum te maken, bijvoorbeeld
met een prisma (een driehoekig stuk glas) of met een tralie (een plaat met een
vergelijkbare structuur als op een CD).
De kleur van licht dat een nanokristal uitzendt, is afhankelijk van de grootte
en vorm van het kristal. Het spectrum van het licht van een nanokristal zal dan
ook alleen helder zijn bij die speciﬁeke kleur, althans, dat zou je verwachten. In
ﬁguur 7.4c (pagina 114) staat het spectrum van een enkel nanokristal. We zien
echter niet een enkele piek in de helderheid, maar drie pieken bij verschillende
energiee¨n (kleuren). Het is dus niet zo eenvoudig als we voorgesteld hebben.
Om te bepalen waar die drie verschillende kleuren vandaan komen, moeten we
even stilstaan bij wat we nu eigenlijk doen.
In het experiment schijnen we met diep-blauw laserlicht op het kristal, dat
vervolgens oranje-roodachtig licht uitstraalt. Dit proces noemen we ﬂuorescen-
tie of fotoluminescentie. Het nanokristal heeft het blauwe licht opgenomen en
geeft dat even later terug als oranje-rood licht. Iets preciezer gezegd heeft het
blauwe licht een van de electronen in het nanokristal een oplawaai gegeven,
waardoor het niet langer vast zit aan een bepaald atoom, maar vrij door het
kristal heen kan gaan rennen. Op de plaats waar het electron zat, blijft een
leegte, een gat, achter. De atomen in het nanokristal zitten erg dicht bij elkaar.
Daardoor kan een electron dat eigenlijk vast zit aan een ander atoom te dicht
bij dat gat komen. Als dat gebeurt, dan gaat dat electron in het gat zitten. Er
is alleen nog steeds een electron te weinig, dus het gat zit nu bij het buuratoom.
Op die manier kan dus ook het gat door het nanokristal heen rennen.
Het electron en het gat lijken in veel opzichten op elkaar, alleen heeft het gat
de tegengestelde electrische lading heeft. Het electron en het gat trekken elkaar
dan ook aan en vormen een paartje dat door het nanokristal beweegt. Zo een
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electron-gat-paar noemen we een exciton. Dit exciton zendt licht uit als dat vrije
electron weer terug valt in het gat. Dat proces noemen we recombinatie. Omdat
er energie verloren gegaan is, zal het uitgezonden licht niet langer blauw zijn,
maar volgens de kleurvolgorde van de regenboog2 naar het rood zijn verschoven.
De precieze verschuiving is afhankelijke van onder andere de grootte van het
nanokristal.
Een nanokristal straalt dus licht uit, doordat er een exciton recombineert.
De reden dat we drie verschillende kleuren licht zien in het spectrum van ﬁguur
7.4c heeft dus iets te maken met de eigenschappen van het exciton. Het is
bijvoorbeeld zo dat een exciton niet elke willekeurige kleur, of beter energie, kan
hebben. Het lijkt een beetje op electronen die om een atoomkern draaien. Dat
kan ook niet overal, maar ze doen dat in verschillende schillen op welbepaalde
afstanden van de atoomkern. In hoofdstuk 2 rekenen we uit welke energiee¨n het
exciton kan hebben. We vinden vijf energieniveaux, die we in een ladder boven
elkaar kunnen zetten (middelste ladder in ﬁguur 2.4 op pagina 18). De kleur van
het licht dat uitgestraald wordt, is bepaald door de sport van de ladder waarop
het exciton ‘stond’. Hoe hoger op de ladder, hoe hoger de energie en daarmee
hoe “blauwer” de kleur van het licht. Als het exciton recombineert (het electron
valt dan in het gat) dan “springt” het exciton van de ladder naar beneden. Het
exciton stapt van de ene sport over naar de grond. Het overstappen van het
exciton van de ene sport naar een andere sport of naar de grond, noemen we een
overgang. De drie pieken in het spectrum van het nanokristal komen dus van
drie verschillende overgangen op de exciton-ladder. Door de gemeten energie
te vergelijken met de uitgerekende energiee¨n van de ladder, kunnen we bepalen
bij welke overgang elke piek hoort.
Verboden of toch niet verboden?
Bij het recombineren van het exciton springt het electron terug in het gat.
Simpel gezegd, maar de uitvoering is anders. Er zijn namelijk enkele spelregels
waar het electron en het gat aan moeten voldoen om recombinatie mogelijk te
maken. Voor sommige sporten op de exciton-ladder, voldoen ze daar echter
niet aan. In dat geval is de overgang verboden. Dat betekent dus dat er soms
energie in het nanokristal is gestopt (er is wel een exciton gemaakt), maar het
komt er niet meer uit in de vorm van licht. De eﬃcie¨ntie van het nanokristal
gaat dus omlaag en dat is niet praktisch als we een apparaat willen maken met
nanokristallen. Om de nanokristallen zo eﬃcie¨nt mogelijk te maken, moeten
we voorkomen dat er verboden overgangen vanaf de exciton-ladder zijn. Daar-
2blauw-groen-geel-oranje-rood; geel is dus “blauwer” dan oranje en rood, maar “roder”
dan blauw en groen.
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voor moeten we beter begrijpen wat er nu aan de hand is met die verboden
overgangen.
Om te onderzoeken hoe verboden de overgang vanaf een bepaalde sport is,
moeten we er voor zorgen dat het exciton zo vaak mogelijk op die sport gaat
zitten. De laagste sport op de exciton-ladder is zo’n sport met een verboden
overgang. Om het exciton zo vaak mogelijk op die sport te zetten, maken we
de nanokristallen heel koud. De ladder wordt dan als het ware glad, waardoor
het exciton naar de onderste sport glijdt. We koelen de nanokristallen in het
experiment daarom af tot 269 ◦C onder nul (of 4K)3. Dat doen we door een
deel van de experimentele opstelling in een soort thermoskan te stoppen die
gevuld is met vloeibare helium. Het licht kan daar nog in en uit door een klein
raampje aan de bovenkant. Om de thermoskan met helium koud te houden,
stoppen we die nog in een thermoskan gevuld met vloeibare stikstof (−196 ◦C
of 77K).
We hebben nu dus hele koude nanokristallen, waardoor het exciton heel vaak
op de laagste sport van de ladder zal zitten. Om daar nog zekerder van te zijn
gaan we het nanokristal niet met blauw licht beschijnen, maar met oranje licht.
Bij het maken van het exciton geven we het electron dan geen oplawaai, maar
slechts een stevige tik. Het exciton komt dan in eerste instantie op de tweede
sport van de ladder terecht komt. Vanaf deze sport is de overgang toegestaan -
daarom kun je er ook exciton in stoppen. Er kunnen nu twee dingen gebeuren:
het exciton recombineert vanaf de tweede sport van de ladder en straalt licht
uit, of het glijdt naar de laagste sport op de ladder.
Om zo vaak mogelijk het naar beneden glijden op de ladder te zien, doen
we dit experiment aan een heleboel nanokristallen tegelijk. Het spectrum dat
we dan meten, staat in ﬁguur 3.3a (pagina 44). Helemaal rechts zie je een piek
die niet goed in de graﬁek past. Die komt van de laser, het licht daarvan is
vele malen helderder dan dat van de nanokristallen. Meteen links daarvan zie
je een piek (met label ZPL) die komt van de onderste sport van de ladder. De
zwakkere pieken nog verder naar links, zijn echo’s van de onderste sport van de
ladder. We zien dus toch licht, dat ontstaat bij de recombinatie van het exciton
vanaf de laagste sport van de ladder. Er is dus iets aan de hand waardoor deze
overgang niet meer (helemaal) verboden is.
We moeten “verboden” hier eigenlijk niet te strikt nemen. Dat een overgang
verboden is, betekent namelijk niet dat ze niet kan gebeuren, maar dat de kans
op zo een overgang erg laag is. In de praktijk betekent dit dat het even kan duren
3Bij dit soort temperaturen is de schaal van Celsius niet zo handig. In het proefschrift
drukken we de temperatuur daarom uit in Kelvin (K). Een temperatuur van 0 Kelvin, komt
overeen met −273 graden Celsius.
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Licht en hele kleine structuren
voor het exciton recombineert4. Dat “even” is natuurlijk wel relatief. Bij een
overgang die niet verboden is, recombineert het exciton namelijk binnen enkele
nanoseconden5. Een verboden overgang is ongeveer 1000 keer zo langzaam, de
recombinatie vindt dus pas na enkele microseconden plaats.
De echo’s in ﬁguur 3.3a worden veroorzaakt door een proces dat ook zo
“langzaam” is. Omdat recombinatie vanaf de laagste sport niet zomaar kan,
rent het exciton een tijdje als een kip zonder kop door het kristal heen. Daarbij
kan het gebeuren dat het als het ware tegen een van de atomen van het kristal
aanbotst en door de botsing gaat het staan te trillen. Het exciton is door de
botsing wat energie kwijt en komt op een soort van sub-ladder van de laagste
sport terecht. Afhankelijk van met hoeveel atomen er gebotst werd, schuift het
exciton een of meerdere sporten naar beneden op die sub-ladder. Nu is de kans
op e´e´n botsing niet heel groot en de kans op twee botsingen is nog minder groot,
enzovoorts voor nog meer botsingen. De helderheid van de “echo” pieken in
het spectrum neemt dus af met het aantal botsingen. Dat zie je ook in het
spectrum in ﬁguur 3.3a. De 1PL piek komt van het proces met e´e´n botsing en
bij de 2PL piek zijn er twee botsingen opgetreden. We zien dat de tweede echo
(2PL) precies twee keer zover van de ZPL piek af zit als de eerste echo (1PL),
omdat het exciton twee keer zoveel energie verloren is. Ook is de helderheid van
de 2PL piek veel lager, want de kans dat er twee keer gebotst wordt, is minder
groot. De 3PL piek is zelfs zo zwak dat we hem hier niet eens meer kunnen
zien.
Spelen met ladders
We begrijpen dus wat die “echo” pieken veroorzaakt, maar waarom zien we
ook de onderste sport op de ladder nog? Om dat beter te begrijpen hebben het
experiment dat hierboven beschreven is ook gedaan in een hele sterke electro-
magneet. Het magneetveld verandert dan namelijk de exciton-ladder. Er zijn
namelijk nog drie sporten op die ladder, maar die zitten dubbel met drie andere.
Daarom staan er maar vijf sporten in ﬁguur 2.4. Met een magneetveld kun je
die sporten ontdubbelen. Door het magneetveld schuiven de sporten namelijk
uit elkaar. De laagste twee sporten, die we in ons experiment gebruiken, zijn
allebei van die dubbele sporten. Dat zie je terug in de spectra in ﬁguur 3.4a.
Van onder naar boven staan hier spectra bij steeds sterkere magneetvelden.
4Het lijkt een beetje op het verkeer op een snelweg. Het is verboden harder te rijden dan
120 kilometer per uur, maar dat betekent niet dat het niet gebeurt. Eens in de zoveel tijd
komt er toch wel iemand voorbij die harder rijdt. Meestal is dat iemand die een beetje harder
rijdt en beduidend minder vaak is het iemand die veel harder rijdt.
5Door continu te belichten kunnen we ongeveer een miljard keer per seconde een exciton
maken en dat licht zien uitstralen.
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We zien weer een van die echo’s, de 1PL, en we zien de onderste sport van de
exciton-ladder (ZPL). Bij sterke velden zien we tussen de ZPL en de laser piek
nog een nieuw piekje verschijnen, wat veroorzaakte wordt door de ontdubbelde
tweede sport van de ladder. Verder zien we dat de ZPL piek helderder wordt
als het magneetveld sterker wordt. Een magneetveld maakt een overgang vanaf
de laagste sport van de ladder dus gemakkelijker.
Als we iets preciezer kijken naar wat het magneetveld doet met de exciton-
ladder, dan blijkt dat het niet blijft bij het ontdubbelen van enkele sporten.
Eigenlijk breekt het magneetveld de oorspronkelijke ladder helemaal af, breekt
de sporten in stukken en bouwt het vervolgens een nieuwe ladder op. De spor-
ten van die nieuwe ladder bestaan dan uit delen van de oorspronkelijke sporten.
In een magneetveld zijn er acht sporten. De laagste vier daarvan bestaan voor-
namelijk uit delen van de oorspronkelijke laagste twee (dubbele) sporten. Er
zitten dus delen in van sporten met een verboden overgang en sporten met een
toegestane overgang. De twee nieuwe laagste sporten hebben dus niet langer
een verboden overgang. Dat mengen van de sporten wordt sterker als het mag-
neetveld sterker wordt. Onze metingen bevestigen dat doordat de ZPL piek
steeds helderder wordt.
Wat dit model echter niet verklaart, is waarom we de overgang vanaf de
laagste sport ook zien als er geen magneetveld is. Nu is er een ander model
dat dit wel kan uitleggen. Dat model zegt dat zelfs zonder magneetveld de
exciton-ladder uit gemengde sporten bestaat. De experimenten in hoofdstuk 3
laten zien dat er drie manieren zijn voor een overgang vanaf de laagste verboden
sport. We hebben gezien dat er een competitie aan de gang is tussen die drie
verschillende manieren. Verder hebben we laten zien dat je met een magneetveld
die competitie kunt be¨ınvloeden. Het model, dat we in hoofdstuk 2 uitvoerig
bespreken, kan die competitie niet verklaren. Er zal dus een nieuw model
gemaakt moeten worden dat de drie manieren van recombineren samenvoegt.
In hoofdstuk 4 onderzoeken we de staafvormige nanokristallen. Het model
voorspelt voor deze kristallen een iets andere exciton-ladder. Desondanks zien
we dat ook hier de competitie tussen de drie processen een belangrijke rol speelt
in de recombinatie. Wat wel speciaal is aan de staafjes, is dat we zien dat een
sterk magneetveld het exciton kan opsluiten in het nanokristal. Het exciton
gedraagt zich dan alsof het in een bolvormig kristal zit. Dit kun je zien in
ﬁguur 4.4a tot en met d. Tot een magneetveldsterkte van 10 Tesla volgen
de meetpunten een andere trend dan voor sterkere magneetvelden. Figuur 4.4e
laat zien dat de meetpunten aan de staafjes (NQR) vanaf magneetvelden sterker
dan 10 Tesla in de richting gaan van de meetpunten aan de bolletjes (NQD).





Since the beginning of the computer era, mankind has been on a quest to make
things as small as possible. This has not been without success and nowadays
many common devices are based on nanotechnology, which is to say that one
or more of the dimensions of their components are in the 1–100 nanometre
range. Over the last decades the scientiﬁc interest in the production and the
properties of these nanostructures has greatly increased. New materials and
novel types of structures have been discovered, which has lead to new device
applications and prospects. Furthermore, it has also become common knowl-
edge that, as the dimensions enter the nanometre range, the properties of a
structure depend strongly on its size, shape and composition. It is this relation
that makes nanostructures so interesting, because a thorough understanding
would enable us to design structures with a speciﬁc functionality. This thesis is
devoted to this fundamental relation as we ask ourselves the question What is
the relation between the structure and the optical properties of low dimensional
nanostructures? To answer this question we employed two diﬀerent methods.
In the ﬁrst part of this thesis we use ensemble photoluminescence spectroscopy
to study this relation in colloidal semiconductor nanocrystals. In part two we
describe the development of a ﬂuorescence microscopy setup that is sensitive
on a single object level. This setup has been used to determine the degree of
internal order in molecular ﬁbres and to obtain more detailed information on
the aforementioned nanocrystals.
In the ﬁrst part we study colloidal semiconductor nanocrystals, which were
ﬁrst created in the early nineties. Typically they are synthesised by mixing the
proper precursors in a reaction vessel, upon which small crystals are formed.
This well-controlled process allows the fabrication of spheres (0D), rods (1D)
and numerous other more exotic shapes. In chapter 2 we introduce a frequently
used model, based on the eﬀective mass approximation, that describes the ex-
citon ﬁne structure of wurtzite nanocrystals such as cadmium-selenide. This
model predicts that the lowest energy exciton level is optically forbidden (dark)
in both spherical and rod-shaped crystals. At higher energy there is an exciton
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level that is optically allowed (bright). The energy splitting between these lev-
els, frequently referred to as the bright-dark energy splitting, depends strongly
on shape and size of the nanocrystal and ranges from 1–20meV. Besides the
size-dependence, the model also describes dependence of the exciton ﬁne struc-
ture on an externally applied magnetic ﬁeld. It predicts that the degenerate
bright and dark levels split into four non-degenerate levels, which all become
optically allowed transitions due to mixing of the bright and dark exciton states.
In chapter 3 we present the results of a detailed photoluminescence study
on spherical nanocrystals. We studied the magnetic ﬁeld and temperature de-
pendence of the photoluminescence of these nanocrystal quantum dots using
both resonant and non-resonant excitation. Under resonant excitation condi-
tions we select a subset out of the whole ensemble of nanocrystals, which allows
us to distinguish the recombination of bright and dark excitons, as well as zero-
phonon and phonon-assisted transitions. We ﬁnd that, regardless of whether
the excitation is resonant or non-resonant, the magnetic ﬁeld and temperature
dependence of the photoluminescence is very similar. This behaviour allows
us to link the non-resonant photoluminescence of nanocrystal quantum dots to
contributions of the exciton ﬁne structure. As such, we show that non-resonant
photoluminescence is the result of an intricate interplay of zero-phonon and
phonon-assisted recombination processes. The relative importance of these pro-
cesses depends strongly on internal factors, such as shell thickness and surface
passivation, and on external factors, such as temperature and a magnetic ﬁeld.
Our results prove that any model that attempts to fully describe the optical
properties of CdSe NQDs should include, besides the exciton ﬁne-structure, also
phonon-assisted and surface-state assisted recombination.
Chapter 4 presents the results of a similar study on rod-shaped nanocrys-
tals also called nanocrystal quantum rods. We compare these results with those
of chapter 3 to investigate the relationship between shape and optical proper-
ties in nanocrystals. This comparison reveals many similarities in the resonant
photoluminescence, which support the exciton ﬁne structure model for both
types of nanocrystals. Surprisingly, we ﬁnd that the non-resonant photolumi-
nescence of quantum rods is not related to the resonant photoluminescence, and
that it originates from higher energy transitions, possibly due to multi-exciton
or Auger recombination. Furthermore, we ﬁnd that a magnetic ﬁeld of 10T
induces abrupt changes in both the resonant and non-resonant photolumines-
cence, which we attribute to a change in exciton symmetry from 1D to 0D,
that occurs when the magnetic length becomes comparable to the length of the
nanocrystal.
In the second part of this thesis we use polarised ﬂuorescence microscopy
as a tool to image individual nanostructures. A minor change in the setup also
enables us to obtain spectral information of single nanostructures. The major
advantage of this is that at the single object level, materials display behaviour
that cannot be observed in ensemble measurements, such as blinking. This
is a direct result of the simultaneous measurement of many objects, which is
inherently linked with averaging over the measured property. As such, single
object spectroscopy provides information with greater detail. In chapter 5 we
introduce wide-ﬁeld ﬂuorescence microscopy and describe our homebuilt setup.
Depending on the experimental requirements this setup can be adapted to work
at room temperature or at very low temperatures, either inside or outside a
magnetic ﬁeld.
In chapter 6 we discuss polarised ﬂuorescence imaging results of micrometre
long molecular ﬁbres. These one dimensional nanostructures are formed by
self-assembly of intelligently designed molecules (MOPV), that stick together
to form an ordered supramolecular structure. In solution the MOPV molecules
form dimers that stack into columns with a length of a few hundred nanometre.
These columns are linked head-to-tail upon transfer to a solid support into
ﬁbres with lengths exceeding several micrometres. We investigated the internal
degree of order in these ﬁbres by recording polarised ﬂuorescence images. The
results were interpreted within the framework of a dipole model that accounts
for the internal structure as well as the properties of the support. We found
that dielectric properties of the support strongly inﬂuence these measurements
but that the ﬁbres posses a high degree of order.
In the ﬁnal chapter we return to the cadmium-selenide nanocrystals and em-
ploy ﬂuorescence imaging to study individual nanocrystal quantum rods and
dots. We show that the orientation of quantum rods in a matrix can be mea-
sured by their linearly polarised emission. Finally, we present the ﬁrst spectra
of single nanocrystal quantum dots at low temperatures and in high magnetic
ﬁelds. Typical spectra reveal three distinct peaks, which are linked to the ex-
citon ﬁne structure. Remarkably, we have not observed a signiﬁcant energy
splitting of these peaks in a magnetic ﬁeld nor have we seen intensity changes
that indicate mixing of the bright and dark excitons. However, we must note
that the statistical signiﬁcance of these results is rather low due to the small
number of measured nanocrystal quantum dots.

Samenvatting
Sinds het begin van het computertijdperk is men, niet geheel zonder succes,
druk doende om apparaten zo klein mogelijk te maken. Veel van de hedendaag-
se apparatuur zit dan ook vol met nanotechnologie, waarmee we bedoelen dat
e´e´n van de componenten e´e´n of meerdere afmetingen met een schaal van 1–100
nanometer heeft. De afgelopen decennia is ook de wetenschappelijke interesse
voor dit soort nanostructuren enorm toegenomen. Dit heeft geleid tot de ont-
dekking van nieuwe materialen en structuren. Inmiddels weten we dat wanneer
structuren verkleind worden tot nanometer schaal, er verrassende eigenschap-
pen tevoorschijn kunnen komen die bepaald worden door de grootte, vorm en
samenstelling van de structuur. Een goed begrip van de relatie tussen de struc-
tuur en de eigenschappen, is dus van essentieel belang voor het ontwikkelen van
nanostructuren met speciﬁeke doeleinden. Dit proefschrift is gewijd aan deze
fundamentele relatie en probeert een antwoord te vinden op de vraag: Wat is
de relatie tussen de interne structuur en de optische eigenschappen van laag
dimensionale nanostructuren? Teneinde deze vraag te beantwoorden, hebben
we twee verschillende optische methoden ontwikkeld en gebruikt. In de ene
methode gebruiken we ﬂuorescentie spectroscopie om grote verzamelingen van
collo¨ıdale halfgeleidende nanokristallen te bestuderen. Hierbij kijken we naar
het gemiddelde gedrag van deze kristallen in een magnetisch veld en bij lage
temperaturen. De andere methode focusseert op het gedrag van individuele ob-
jecten. Hiertoe hebben we een ﬂuorescentiemicroscoop ontwikkeld waarmee we
individuele moleculen, kristallen en moleculaire superstructuren zichtbaar kun-
nen maken. Op deze manier kunnen we informatie verkrijgen over de interne
structuur van bijvoorbeeld moleculaire ﬁbers.
In het eerste deel van dit proefschrift houden we ons bezig met collo¨ıdale
halfgeleidende nanokristallen. Dit soort kristallen worden gesynthetiseerd door
uitgangsstoﬀen met de gewenste elementen in een reactievat te stoppen. Onder
de goede omstandigheden vormen zich dan kristallen, waarvan zowel vorm als
grootte bepaald worden door het groeiproces. Dit basis principe wordt al sinds
de negentiger jaren geperfectioneerd, waardoor we tegenwoordig bolletjes (0D),
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staafjes (1D) en allerlei andere exotische vormen van nanokristallen kennen. In
hoofdstuk 2 beschrijven we een veelvuldig gebruikt model dat de exciton ﬁjn-
structuur van cadmium-selenide nanokristallen beschrijft. Dit model voorspelt
dat de toestand met de laagste energie een optisch verboden (donkere) over-
gang is, zowel in bol- als staafvormige kristallen. Boven deze toestand bevindt
zich een toestand met een optische toegestane (heldere) overgang. We spreken
daarom vaak van heldere en donkere excitonen. De energie opsplitsing tussen
deze twee toestanden is sterk afhankelijk van de grootte en vorm van het nano-
kristal. Typische waarden liggen in het gebied van 1–20meV. Verder beschrijft
het model hoe deze exciton ﬁjnstructuur verandert wanneer de nanokristallen
een extern magnetisch veld voelen. De voorspelling is dat de donkere en heldere
exciton toestanden, beide tweevoudig ontaard, zich opsplitsen in vier niet ont-
aarde toestanden. Deze vier toestanden worden ook allemaal helder doordat er
menging optreedt van de oorspronkelijke donkere en heldere toestanden.
In hoofdstuk 3 presenteren we de resultaten van gedetailleerde fotolumi-
nescentie experimenten aan bolvormige nanokristallen, ook wel nanokristallijne
quantum dots genoemd. Bij deze experimenten hebben we de invloed van
temperatuur en het externe magneetveld op de fotoluminescentie bestudeerd,
zowel onder resonant als onder niet-resonante excitatiecondities. Door resonant
te exciteren kunnen we een subensemble selecteren uit de verzameling van al-
le bolletjes die belicht worden. Hierdoor zijn we in staat om de recombinatie
van heldere en donkere excitonen van elkaar te scheiden. Door de experimen-
ten met resonante en niet-resonant excitatiecondities met elkaar te vergelijken,
kunnen we bewijzen dat de niet-resonante fotoluminescentie bij lage tempera-
turen bepaald wordt door de donkere excitonen. De precieze fotoluminescentie
eigenschappen worden daarbij bepaald door een ingewikkelde samenspel van
zogenaamde nul-fonon en fonon-geassisteerde recombinatieprocessen. De ba-
lans tussen deze twee processen wordt bepaald door interne factoren, zoals
schildikte en oppervlakte passivatie, maar ook door externe factoren, zoals een
magneetveld en de temperatuur. Om een goede verklaring te geven van al-
le experimentele resultaten, zal er dan ook een nieuw model gemaakt moeten
worden, gebaseerd op het exciton ﬁjnstructuur model, maar aangevuld met
beschrijvingen voor de recombinatie met fononen en oppervlakte toestanden.
In hoofdstuk 4 presenteren we de resultaten van vergelijkbare experimenten
aan staafvormige kristallen, zogenaamde nanokristallijne quantum rods. Door
de resultaten van de staafjes te vergelijken met die van de bolletjes, kunnen we
achterhalen wat de invloed van vorm is op de optische eigenschappen van de
nanokristallen. Zo blijkt dat er onder resonante excitatiecondities grote over-
eenkomsten zijn in de eigenschappen van staafjes en bolletjes en dat de model-
len voor de exciton ﬁjnstructuur in beide type kristallen deze eigenschappen
redelijk kunnen verklaren. Verrassend genoeg zien we dat onder niet-resonante
excitatiecondities de fotoluminescentie van staafjes zich totaal anders gedraagt
dan onder resonante excitatiecondities, in tegenstelling tot de resultaten van de
bolletjes beschreven in hoofdstuk 3. In de staafjes komt de niet-resonante foto-
luminescentie van processen bij een hogere overgangsenergie, zoals bijvoorbeeld
multi-exciton- of Auger-recombinaties. Ook vinden we rond 10T een abrupte
overgang in zowel de resonante als de niet-resonante fotoluminescentie. Omdat
bij deze veldsterkte de magnetische lengte vergelijkbaar wordt met de lengte
van de staafjes, wordt die overgang zeer waarschijnlijk veroorzaakt door een
symmetrieverandering van 1D naar 0D.
In het tweede deel van dit proefschrift bestuderen we individuele nanostruc-
turen met ﬂuorescentiemicroscopie. Door een kleine aanpassing in de opstel-
ling te maken, kunnen we van die nanostructuren ook spectrale informatie op-
slaan. Door naar individuele nanostructuren te kijken, kunnen we materiaalei-
genschappen bestuderen die bij metingen aan (grote) verzamelingen verborgen
blijven. Een voorbeeld hiervan is het aan- en uitknipperen van de fotolumi-
nescentie van moleculen en nanokristallen. Bij metingen aan verzamelingen
middelt je instrument over zoveel objecten dat het knipperen niet langer zicht-
baar is. Door nu naar enkele objecten te kijken, schakelen we dit middelen uit,
waardoor we een gedetailleerder beeld kunnen krijgen. In hoofdstuk 5 leggen
we uit hoe ﬂuorescentiemicroscopie werkt en beschrijven we de gebouwde op-
stelling. Afhankelijk van eisen van het experiment, passen we die opstelling aan
om te kunnen meten bij kamertemperatuur of juist bij heel lage temperaturen,
met of zonder een magnetisch veld.
Met ﬂuorescentiemicroscopie hebben we plaatjes gemaakt van micrometers
lange moleculaire ﬁbers. In hoofdstuk 6 beschrijven we de experimenten aan
deze e´e´n-dimensionale nanostructuren. De ﬁbers bestaan uit slim ontworpen
moleculen (MOPVs) die aan elkaar plakken om zo een geordende superstructuur
te vormen. Twee MOPV moleculen hechten aan elkaar en in oplossing vormen
deze paartjes stapels die 150 nm lang worden. Wanneer een druppel van die
oplossing op een plaat wordt gelegd, koppelen deze stapels zich kop-staart aan
elkaar en vormen micrometers lange moleculaire ﬁbers. Met gepolariseerde
ﬂuorescentiemicroscopie hebben we gekeken of die paartjes van moleculen wel
netjes naast elkaar liggen in zo’n ﬁber. Om de resultaten te begrijpen hebben we
een model gemaakt waarbij de moleculen als dipolen worden beschouwd. Verder
blijkt het essentieel te zijn om de dielectrische eigenschappen van de plaat waar
de ﬁbers op liggen mee te nemen. Die eigenschappen blijken de meting van de
polarisatiegraad sterk te be¨ınvloeden. Daarom kunnen we concluderen dat we
ondanks de lage polarisatiegraad toch goed geordende ﬁbers kunnen maken.
In hoofdstuk 7 keren we terug naar de nanokristallen en gebruiken we ﬂu-
orescentiemicroscopie om enkele staafjes en bolletjes te bestuderen. Zo laten
we zien dat het met dit soort metingen mogelijk is de orie¨ntatie van staafjes in
een matrix te bepalen aan de hand van de lineair gepolariseerde emissie. We
sluiten af met de eerste spectrale metingen aan enkele nanokristallijne bolletjes
bij lage temperaturen en in hoge magneetvelden. De gepolariseerd gemeten
ﬂuorescentie spectra van deze bolletjes tonen drie afzonderlijke pieken, die we
hebben kunnen koppelen aan de exciton ﬁjnstructuur. Opmerkelijk is wel dat
we in de veldafhankelijke metingen geen verschuivingen of opsplitsingen van die
pieken gezien. Ook veranderingen in intensiteit, als gevolg van het mixen van
heldere en donkere excitonen, bleven uit. We moeten echter wel de kanttekening
maken dat door het beperkt aantal bolletjes waar we aan hebben gemeten, de
statistische relevantie aan de lage kant is.
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